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Thesis Outline 
 
The thesis entitled “EXPLORING AMINOALKYNOLS FOR THE 
SYNTHESIS OF IODO-DIHYDROFURANS BY ELECTROPHILIC 
CYCLIZATION AND EXPLOITING ITS UNUSUAL REACTIVITY FOR THE 
SYNTHESIS OF α-IODOKETONES” is divided into 4 chapters.  
The main aim and objective of the study undertaken was to utilize the electrophilic 
cyclization reactions to synthesize heterocyclic molecules mediated by halogen as the 
electrophilic source. Electrophilic cyclization in recent years has grown exponentially 
and has become the most sought-after method for the synthesis of heterocyclic 
molecules. The attention to electrophilic cyclization is due to its versatility, providing 
various options in terms of the catalyst/reagent, the type of C-C unsaturation bond and 
the nucleophile. A variety of heterocyclic molecules can be produced by careful design 
and tuning of starting substrate specific for the heterocycle of interest.  Metal ions are 
the most commonly employed catalyst for such cyclization reactions. Halogen cations 
are also known to mediate such reactions and provides a cheaper option over metal 
mediated reactions. Halogens atoms specially bromine (Br) and iodine (I) if present in 
the molecule also provide an opportunity to further functionalize the molecule by 
various coupling reactions. 
A survey of literature revealed a definite lack of reports for the synthesis of 
dihydrofuran molecules (which is a 5-membered ring O-heterocycle with partial 
saturation), especially by halogen mediated electrophilic cyclization. Hence the aim and 
objectives were to 1) Regioselectively synthesize dihydrofuran molecules from 
aminoalkynols as the model substrate via the attack of oxygen nucleophile over nitrogen 
nucleophile of the aminoalkynols. 2) Employ iodonium (I+) electrophilic sources and 
test them for the electrophilic cyclization of aminoalkynols. 3) Further functionalize and 
 2 
 
test the compatibility of the iodohandle present in the iodo-dihydrofuran products by 
using various C-C and C-N coupling protocols. 4) Eventually expand the developed 
protocol to a broader substrate and increase the scope of the reaction. 
The field of heterocyclic chemistry is huge, Chapter I of this thesis discusses briefly 
about the various heterocyclic molecules, their application across different fields of 
chemistry and their synthesis. The chapter I highlights various conventional methods 
available for the heterocyclic synthesis and focusses on the electrophilic cyclization 
reactions of various substrates having a C-C multiple bonds and different nucleophiles 
which are mediated by metals, halogens and other electrophilic souces. 
Chapter II initially outlines the aim of the present study, which is the synthesis of 
dihydrofurans from aminoalkynols via electrophilic cyclization reaction mediated by 
molecular iodine and then takes through the brief and specific introduction about furan 
class of heterocycles, their applications and their synthesis both by conventional and 
electrophilic cyclization methods preceding the results and discussion section. 
In this study, the aminoalkynol substrates were successfully employed for the synthesis 
of iodo-dihydrofuran heterocycles with the optimized reaction conditions using I2 as the 
electrophilic source in the presence of KOt-Bu (potassium tert-butoxide) as a base in 
acetonitrile solvent at room temperature. The developed protocol was simple, mild and 
afforded products in good to excellent yields with no by-products. The synthesised 
products were also tested for further derivatization by various C-C and C-N coupling 
reactions with good success. A unique and novel approach for the synthesis of fused 
tricyclic heterocycle furo-indole obtained by intramolecular C-N coupling is also 
highlighted in Chapter II. This approach was possible to due to the selective cyclization 
of aminoalkynols into dihydrofurans and then utilizing the unreacted nucleophilic centre 
(amine group) for the synthesis of tricyclic heterocycle molecule. 
 3 
 
During the course of the above study an unusual reactivity of aminoalkynols was 
discovered which provided the α-iodoketone product. The reaction was investigated in 
detail and forms the basis of Chapter III of this thesis. 
Aminoalkynol substrate when tested with ICl (Iodine monochloride) as a source of 
electrophile (I+), during the optimization of the reaction conditions for the synthesis of 
dihydrofurans, afforded a different product rather than the iodocyclized dihydrofuran. 
This product was eventually isolated, characterized and identified as α-iodoketone. This 
molecule belongs to a general category of α-haloketones which has a broad synthetic 
utility in organic chemistry. Chapter III initially outlines these findings and introduces 
briefly to α-haloketones, their synthesis and reactivity prior to the results and discussion 
section. 
The observed reactivity of aminoalkynols to produce α-iodoketones with ICl is rare, as 
ICl when reacted with an alkyne generally produces the iodocyclized product or the 
addition product (addition of iodine and chlorine across triple bond), but neither of these 
products were observed and also the conversion to α-iodoketone was regioselective. The 
newly discovered reaction of aminoalkynols with ICl was then optimized by testing 
various bases and solvents at different temperatures to increase the product yield. The 
optimized reaction conditions with ICl as the electrophilic source in the presence of 
Na2CO3 (sodium carbonate) as a base in THF (tetrahydrofuran) solvent at 0°C were 
applied to various substituted aminoalkynols to synthesize α-iodoketones successfully in 
good yields. Such conversion of alkynes to α-iodoketones is the first to be reported with 
respect to ICl.  
Overall the aminoalkynols substrates were successfully utilized for the synthesis of 
iodo-dihydrofuran heterocycles by molecular iodine mediated electrophilic cyclization 
and the unusual reactivity of aminoalkynols towards ICl was discovered and exploited 
 4 
 
for the development of novel and comparatively simpler methodology for the synthesis 
of α-iodoketones.  
The Chapter IV concludes the thesis and also mentions the future directions. 
 
 
Schematic outline highlighting the reactivity of aminoalkynols with I2 and ICl 
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1.1 General introduction to heterocyclic chemistry 
Heterocyclic chemistry constitutes a major branch of organic chemistry dealing with the 
synthesis, properties, and applications of heterocyclic compounds (heterocycles), which, 
by definition, are cyclic molecules containing at least one heteroatom (element) other 
than carbon in their ring structures. The most commonly encountered heteroatoms are 
nitrogen, oxygen and sulphur.  
These heterocyclic molecules can be mono-, bi- or poly-cyclic and may be aromatic, 
partially saturated or fully saturated. Some of the most common and simplest examples 
of heterocycles are shown in Figure 1.1. 
 
Figure 1.1 : Examples of heterocyclic molecules. 
The early work on heterocycle chemistry dates back to 1800’s when Brugnatelli 
prepared Alloxan (Figure 1.2), a derivative of pyrimidine, by oxidation of uric acid by 
nitric acid.1 
 
Figure 1.2 : Alloxan. 
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Alloxan is one of the oldest known organic compound and is known for its diabetogenic 
properties. It is a cytotoxic glucose analogue and also exhibits oxygen radical toxicity.2-6  
Furfural (Figure 1.3), which is an oxygen-containing heterocycle was first isolated in 
1821 by the German chemist Johann Wolfgang Dobereiner as a by-product of formic 
acid synthesis.7 In 1840, Scottish chemist John Stenhouse produced furfural by distilling 
crop materials such as corn, oats, bran etc.8 Furfural is an important renewable chemical 
feedstock and is an important intermediate in various organic syntheses.9  
 
Figure 1.3 : Furfural. 
Heterocycles of various ring sizes are known, with the majority containing 5 and 6- 
membered rings. 3- and 4-membered ring sizes are much less common, owing to ring 
strain and instability of the molecule. 3-Membered ring heterocycles (Figure 1.4) 
exhibit very high reactivity as a result of heavy bond strain (Baeyer strain). The 
reactions of these heterocycles often lead to acyclic products. They undergo 
isomerization reactions to give carbonyl compounds, ring opening reactions induced by 
nucleophile attack, and elimination reactions to give olefins.  
 
Figure 1.4 : Examples of 3-membered ring heterocycles. 
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Although 4-membered ring heterocyles (Figure 1.5) demonstrate less ring strain 
compared to their 3-membered ring analogues, they generally follow similar reaction 
pathways. 
 
Figure 1.5 : Examples of 4-membered ring heterocycles. 
5- and 6-Membered heterocyclic ring compounds (Figure 1.6) are more stable, therefore 
ring opening reactions are not a favourable reaction pathway for these heterocycles; 
instead they mimic the reactivity of aromatic carbocycles, and take part in, for example 
electrophilic substitution, nitration, sulfonation, alkylation, acylation, metalation and 
cycloaddition reactions. 
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Figure 1.6 : Examples of 5- and 6-membered ring heterocycles. 
7-membered ring heterocycles (Figure 1.7), though less common, are often encountered 
in biologically important molecules. They are usually in equilibrium with their bicyclic 
isomer, and are commonly prepared by condensation reactions. Larger ring heterocycles 
consisting of 8 or more ring atoms (Figure 1.8) are also known. In many cases they are 
unstable except where increased stability is conferred by some other parameter like 
aromaticity. Porphyrin rings are examples of one of the very well-known large ring 
heterocyclic compounds. The comprehensive chemistry of various heterocycles can be 
found in books written by Speicher10 and Sainsbury.11 
 
Figure 1.7 : Examples of 7-membered ring heterocycles. 
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Figure 1.8 : Examples of 8-membered and larger ring heterocycles. 
1.1.1 Applications of heterocyclic molecules 
Heterocyclic chemistry is a broad and major class of organic chemistry. 55% of all 
organic chemistry publications are of heterocyclic chemistry.12 Heterocyclic molecules 
form part of a large variety of molecules with various applications across different fields 
of chemistry. They are an important and integral part of many drug molecules. 80% of 
major small drug molecules contain at least one heterocyclic fragment in their 
structure.13 
Heterocyclic compounds also play a vital role in the agricultural industry as pesticides, 
herbicides, phytohormones and pheromones. Also, they find applications in pigments, 
dyes, perfumes and diagnostic agents. 
Additionally, a number of amino acids, which are the building blocks of peptides and 
proteins, contain a heterocyclic moiety. Many vitamins and energy molecules like ATP 
consists of a heterocyclic backbone. Photosynthetic molecules like chlorophyll and 
haemoglobin, the oxygen carrier in blood, are made up of large ring N-heterocycle, 
porphyrin. 
A comprehensive survey of heterocycles and its utilization has been reviewed by 
Alexander F. Pozharskii et al.22 In the 21st century there has been more and more effort 
to discover or synthesize molecules which can be used as biofuels,14,15 in solar cells,16-18 
organic conducting materials,19-21 and as data storage materials.22 
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1.1.2 Synthesis of heterocyclic molecules 
Because of their importance in a variety of applications, there is a great need to develop 
new methods to synthesize heterocyclic molecules. One driving force behind this need 
is the desire to synthesize heterocyclic molecules in a simple, cheaper and efficient way. 
Conventional processes for forming heterocyclic ring systems involves C-C bond or C-
X (X = heteroatom) formation by the addition of a nucleophile to a carbonyl carbon, 
where the nucleophile can either be carbon based or heteroatom based. Eventual 
condensation of this addition product gives the heterocyclic molecule. 
One of the best and most versatile examples for such a process of heterocyclic 
generation is the Paal-Knorr synthesis. The method developed by Carl Paal and Ludwig 
Knorr in 1884 can be used to generate substituted furans, pyrroles and thiophenes from 
1,4-dicarbonyl compounds (Scheme 1.1).23,24  
Furans are synthesized by acid catalysed (Bronsted or Lewis acid) condensation 
reaction with subsequent dehydration. For preparation of pyrroles, an excess of a 
primary amine or ammonia is added along with the dicarbonyl compound. The reaction 
can undergo transformation without the presence of a catalyst although the addition of 
weak acid like acetic acid greatly increases the rate of the reaction. Thiophenes are 
prepared by reacting the dicarbonyl compound with a source of sulphur like 
phosphorous pentasulphide or Lawesson’s reagent in the presence of an acid catalyst. 
 
 
 
Scheme 1.1 : Paal-Knorr synthesis of heterocycles. 
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Another fine example of such nucleophilic addition and condensation is the famous 
Fischer indole synthesis, developed by Hermann Emil Fisher in 1883.25,26 The Fischer 
indole synthesis is the reaction between phenyl hydrazine and an aldehyde or a ketone 
in the presence of an acid catalyst to produce indole (Scheme 1.2). Both Bronsted and 
Lewis acids can be used as the catalyst. 
 
Scheme 1.2 : Fischer indole synthesis. 
This is one of the most well-known methods for the synthesis of indole moieties. Even 
today this method is applied industrially for the preparation of the antimigraine drug 
‘Triptan’ (Figure 1.9).27 
 
Figure 1.9 : Triptan. 
Heterocyclic molecules can also be synthesized by electrocyclic process such as [2+2] 
cycloaddition, Diels-Alder reaction and 1,3-dipolar cycloaddition reactions.  
The Paterno-Buchi reaction is a well-known photochemical [2+2] cycloaddition 
reaction to synthesize oxetanes (Scheme 1.3).28 Oxetanes are a versatile class of 
molecules used as intermediates in various organic syntheses including heterocyclic 
synthesis and drug discovery.28-31 They are also found as important motif in natural 
products.32 
 
Scheme 1.3 : Paterno-Buchi reaction. 
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1,3-Dipolar cycloaddition reactions (Figure 1.10) are often employed to synthesize N-
heterocyclic molecules, due in part to the availability of a large variety of 1,3 dipoles 
containing carbon and nitrogen in various combinations (Figure 1.11). Such 
cycloadditions to a double or triple bond leads to the formation of a 5-membered ring 
heterocyclic compounds.33  
 
Figure 1.10 : Pictorial representation of 1,3-dipoles and cycloaddition to dipolarophiles. 
 
Nitrile ylides 
 
Nitrile imines 
 
Azides 
      
Diazoalkanes 
   
Azomethine ylides 
 
Azimes 
 
Figure 1.11 : Various types of 1,3-dipoles containing carbon and nitrogen. 
 The methodologies for the synthesis of heterocyclic molecules are vast and diverse, 
with a majority of them being complicated owing to harsh reaction conditions, long 
reaction times and functional group intolerance. One method of preparation that stands 
out due to its versatility, efficiency and simplicity is electrophilic cyclization, a reaction 
involving electrophilic and nucleophilic centres. Such reactions usually involve 
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substrates having C-C unsaturated bond with tethered intramolecular nucleophile. 
Heterocycles are formed as the result of a nucleophile attacking the activated C-C 
multiple bond. A detailed discussion of this reaction follows.  
1.2 General introduction to electrophilic cyclization 
By definition, electrophilic cyclization is a process involving addition of an electrophile 
to C-C multiple bonds of alkenes, alkynes, allenes, or conjugated diene and subsequent 
attack of favourably placed internal nucleophile on to the C-C multiple bond (Figure 
1.12). The steps involved in such cyclization are (i) co-ordination of electrophile to the 
C-C unsaturated bond to generate intermediate I1, this makes the C-C multiple bond 
electron deficient and thereby enhancing its activity towards nucleophilic attack; (ii) 
anti attack of the nucleophilic heteroatom on the activated intermediate generating the 
salt I2; (iii) subsequent removal of the leaving group bonded to heteroatom and 
generating the heterocyclic product. 
 
Figure 1.12 : General mechanism for electrophilic cyclization. 
 
These electrophilic cyclization reactions leading to different ring sizes are usually 
judged by Baldwin’s rules, a set of guidelines outlining the relative 
favorability/unfavorability of ring closure, proposed in 1976.34,35 The cyclization is 
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classified into three features: (1) the number of atoms forming the ring, (2) endo or exo 
cyclization; If the electrons during the bond breakage end up inside the newly formed 
ring, then it is endo cyclization. If the electrons end up outside the new ring formed, 
then it is exo cyclization. (3) the nature of the electrophilic carbon involved in 
cyclization. If the carbon atom is sp3, sp2 or sp hybridized, then it is denoted as tet 
(tetrahedral), trig (trigonal) or dig (diagonal) respectively. These rules are illustrated in 
Figure 1.13 and cyclization favourability is listed in Table 1.1 
 
 
 
 
 
 
 
 
 
 
Figure 1.13 : Baldwin rules for ring closure reactions. 
 
 
ring size 
3 4 5 6 7 
type exo endo exo  endo exo endo exo endo exo endo 
tet ✓ - ✓ - ✓ - ✓ - ✓ - 
trig ✓ - ✓ - ✓ - ✓ ✓ ✓ ✓ 
dig - ✓ - ✓ ✓ ✓ ✓ ✓ ✓ ✓ 
Table 1.1 : Dis/favoured cyclization according to Baldwin’s rules. 
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The versatility of electrophilic cyclization is due to the fact that various types of 
electrophiles can be used to activate the unsaturated bond and also different 
nucleophiles can be used to eventually attack the activated bond. The choices for 
electrophiles include metal ions like palladium, iron, copper, gold, silver and platinum 
(Section 1.3). Halogen sources can also act as electrophilic sources; examples are 
bromine, N-bromosuccinimide, iodine, iodine monochloride, N-iodosuccinimide and 
hypervalent iodine compounds (Section 1.4). Some less-often used electrophilic sources 
include phenylselenium chloride, tosylsulfonic acid and thiophenol (Section 1.5). The 
choices of nucleophiles are large, and include carbon, oxygen, nitrogen, sulfur, selenium 
and tellurium atoms. This vast choice gives one an opportunity to synthesize a variety of 
heterocyclic molecules of varying ring size, heteroatom, and geometry by careful 
selection of the appropriate unsaturated substrate and nucleophile.  
1.3 Electrophilic cyclization mediated by metals 
Metals ions, especially of transition metals have been well known for their ease of 
complexation with an unsaturated bond, which in turn leads to the activation of the C-C 
multiple bond by making it electron deficient and prone to attack by a nucleophile. This 
property of the metals has been exploited by the synthetic chemists to make various 
heterocyclic compounds.36 Salts of palladium, gold and silver are most often used in this 
regard, although salts of copper, iron and zinc have also found some use. 
The use of palladium salts or complexes in organic synthesis increased explosively 
when, in 1958 it was discovered that it could oxidize ethylene to acetaldehyde (Wacker 
process).37 Palladium is extensively used in heterocyclic synthesis in modern day 
organic chemistry.38 The broad usability of palladium stems from the fact that it can 
exist in various oxidation states such as Pd(0), Pd(I), Pd(II), Pd(III) and Pd(IV), 
exhibiting different chemistry. Out of these species palladium(II) complexes are most 
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often used, especially in electrophilic cyclization reactions. These complexes are very 
stable in air, electrophilic and soluble in most of the organic solvents. The common 
organic substrates employed in the case of electrophilic cyclization along with Pd(II) 
complexes are electron rich species like arenes, olefins and alkynes. These Pd(II) 
species rapidly form a reversible complex with C-C unsaturated bonds and is 
subsequently attacked by nucleophiles. This forms the basis for synthesis of 
heterocycles utilizing Pd(II) catalysts. Commonly employed catalysts are PdCl2(PPh3)2, 
PdCl2(MeCN)2 and Pd(OAc)2. 
In 1999, Qing et al. reported the synthesis of trifluoroethyl-substituted furans by a 
palladium catalysed electrophilic cyclization reaction (Scheme 1.4).39 The palladium 
activated C-C triple bond of the alkynyl allylic alcohol undergoes cyclization by the 
attack of the hydroxyl group and subsequent isomerization to produce furan substrates. 
This methodology was one of the first to produce trifluoroethyl furans by electrophilic 
cyclization. 
Ghorai et al reported the synthesis of functionalized indoles via the palladium catalysed 
cycloisomerization of allylanilines under aerobic conditions (Scheme 1.4).40 They 
further extended the methodology developed for the one pot synthesis of the same 
compound using a oxorhenium/palladium dual catalytic system. 
 
 18 
 
 
Scheme 1.4 : Palladium catalysed cyclization reactions. 
Gold complexes have also found widespread use in the electrophilic cyclization of 
heterocyclic compounds.41-46 Some of the first examples of Au(I) activated alkynes were 
reported by Teles and Tanaka’s work (Scheme 1.5). In 1998, Teles et al. reported the 
addition of alcohols to alkynes using gold(I) species together with a Bronsted acid as a 
co-catalyst.47 Following this report Tanaka et al. reported the hydration of alkynes via 
gold(I) co-ordinated alkyne intermediate.48 The efficiency of the catalyst showed a 
marked influence on the type of ligand used. 
 
 
Scheme 1.5 : Metal activated hydration of alkynes. 
In these reaction, the nucleophile always attacks the activated alkyne from the anti 
(trans) position to the coordinated metal (Scheme 1.6). 
 
Scheme 1.6 : Anti-nucleophilic attack on the activated gold complex. 
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Generally, gold(I) acts as an excellent soft π-acids and activates C-C multiple bond 
towards nucleophilic attack.49 There have been a lot of reports for isolation and 
structural characterization of various π-bonded gold(I) complexes with alkyne50-55 and 
other C-C multiple bonds.56-64 Toste et al. reported an isolable phosphine gold(I) 
complex with an alkyne. This was made possible by a tethered alkyne ligand to a strong 
co-ordinating triarylphosphine (Figure 1.14).65 
 
 
 
Figure 1.14 : Crystal structure of the cation in Au(I)-phosphine-(ɳ2-alkyne) complex. 
(hydrogen atoms, solvent of crystallization and counterions (SbF6) have been omitted for clarity) 
Ohno et al. reported the unique gold(I) catalysed cascade cyclization of aniline 
substituted diynes to produce fused indoles (Scheme 1.7).66 The reaction proceeds via 
the formation of an indoylgold intermediate and subsequent activation of the second 
alkyne and cyclization by the aryl ring produces the required fused indole. The product 
yield was seen to be dependent on the bulkiness of the ligand (A, B, C, Scheme 1.7) 
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employed for the gold catalyst. The bulkier ligands were seen to significantly improve 
the product yield. The product also exhibited potent antifungal properties. 
Schreiber et al. proposed a gold(I) catalysed electrophilic cyclization approach for the 
synthesis of oxazocenone scaffolds which show potential activity for the treatment of 
type-1 diabetes.67 The synthesis involves the 8-endo-dig cyclization of aliphatic alcohol 
substituted alkynyl amides (Scheme 1.7). This unusual and rare cyclization was able to 
proceed due to the steric interactions of the substituents attached to the substrate 
molecule. This procedure has also been extended to synthesize benzoxazocenone 
derivatives. 
 
Scheme 1.7 : Gold catalysed electrophilic cyclization reactions. 
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Silver is another common metal used in the synthesis of heterocyclic molecules via 
activation and nucleophilic attack on C-C multiple bonds.68 Though silver salts are not 
as versatile and effective as palladium and gold in activating a C-C multiple bond 
towards a nucleophilic attack, they offer a cheaper alternative. 
The synthesis of furans and pyrroles by electrophilic cyclization of hydroxyl substituted 
aminoalkyne or alkynol catalysed by silver nitrate adsorbed on to the silica matrix was 
reported by D. W. Knight et al.69 The synthesis involves the cyclization of the N, O 
nucleophile on to the activated alkyne and eventual dehydration of substituted hydroxyl 
group leading to the formation of the furan or pyrroles in good yields (Scheme 1.8). The 
heterogeneous catalyst can be recovered and reused again, considered to be the biggest 
advantage of this methodology. This protocol is one of the few examples of 
heterogeneous catalyst employed in electrophilic cyclization. 
 
Scheme 1.8 : Silver catalysed electrophilic cyclization reaction. 
 
Other less commonly used metals in electrophilic cyclization are platinum41-43,70 and 
copper.71-73 Platinum, though being an efficient catalyst for the electrophilic cyclization 
reactions, is not often used as it is very expensive. Conversely, copper is less effective 
in activating the C-C multiple bonds while being a cheap metal. 
Unactivated olefins with alkyl amines were used to synthesize pyrrolidine moieties with 
the help of platinum catalysed activation and cyclization. This protocol discovered by R. 
A. Widenhoefer et al.74 reported a platinum catalysed protocol concerning the synthesis 
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of substituted pyrrolidines (Scheme 1.9). The developed protocol was immune to 
presence of moisture. 
Y. Yamamoto et al. described a Cu(I) catalysed high temperature synthesis of furans 
from alkynyl alkenones (Scheme 1.9).71 The methodology used catalytic amounts of 
copper(I) bromide and overcame the problems associated with previous methodology 
where a gold(III) complex was used as catalyst which was air and moisture sensitive. 
 
Scheme 1.9 : Copper and platinum catalysed electrophilic cyclization reactions. 
 
1.4 Electrophilic cyclization mediated by halogens 
 
In recent years there has been an explosive growth and interest in using halogens for the 
activation of C-C multiple bonds and subsequent cyclization via an intramolecular 
nucleophile to generate a variety of heterocycles and even carbocycles. Though metal 
catalysts offer various methodologies for the synthesis of different heterocycles from a 
broad range of substrates, their expense is their biggest drawback. Moreover, such 
reactions require an inert atmosphere and often a ligand is added along with the metal to 
satisfy its valencies during the course of the reaction  
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Halogen mediated cyclization enjoys more freedom in terms of the above mentioned 
drawbacks. Most of the halogen sources used for electrophilic cyclization are 
inexpensive compared to metal catalysts and are much easier to handle as far as stability 
is concerned and generally don’t require extra additives. The biggest advantage 
halogens have over the metal catalysts is that the residual halogen atom present in the 
cyclized product can be exploited for further derivatization of the molecule using a large 
number of already available protocols, which will be briefly discussed in the Section 
1.4.1. Also, the residual halogen can play an important role in making the molecule 
bioactive. The electrophilic cyclization mediated by halogen (halocyclization) follows 
the same general principle as shown in Figure 1.12. A majority of the reported 
halocyclization reactions use either bromine or iodine as the electrophile, and 
comparatively fewer reports exist where Cl+ 75-80 and F+ 81-84 is used as electrophiles.  
This is due to the fact that C-X bond is more labile when X = I, Br compared to the 
other halogens and assists in further reactions of the molecule. There are various 
reagents that can act as halogen source for the halocyclization including Br2,
85-88 
NBS,89-91 I2,
92-98 NIS,99-102 ICl,103-106 and [I(py)2]BF4.
107,108 
Through these halocyclization reactions, a broad variety of molecules can be 
synthesized with relative ease and can be often found useful in biological, material, 
natural product and medicinal chemistry and are also important organic synthetic 
intermediates. There have been numerous reviews published detailing various 
halocyclization reactions forming a variety of heterocycles with numerous 
applications.109-114 
One of the earliest studies for bromocyclization using molecular bromine was reported 
in 1987 by M. J Miller et al. for the synthesis of β-lactams from O-acyl β,γ-unsaturated 
hydroxamic acid derivatives (Scheme 1.10).115 
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Scheme 1.10 : Bromocyclization reaction of hydroxamic acid derivatives. 
O-Acyl β,γ-unsaturated hydroxamic acids were treated at 0°C with bromine in the 
presence of an inorganic base in acetonitrile solvent to produce β-lactams 
stereoselectively in very good yields. The stereoselectivity of the cyclization reaction 
depends on the α-substituent ‘R’. Trans β-lactams were formed when R = alkyl and cis 
β-lactams when R = CbzNH. This reaction was the first example to demonstrate the α-
substituent effect in electrophilic cyclization reactions. 
In 1982 Roy A. Johnson reported a different approach for the synthesis of prostacyclin 
sodium salt from PGF2α involving an iodocyclization step (Scheme 1.11).116 
Prostacyclin (PGI2) (Figure 1.15) is a potent agonist which helps in platelet aggregation 
and induces vasodilation.  
 
Figure 1.15 : Prostacyclin (PGI2). 
The prostacyclin molecule contains a vinyl ether moiety which is very sensitive to 
moisture and is generally prepared as a sodium salt, which is more stable form of the 
compound compared to free acid.  
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The PGF2α ester is subjected to iodocyclization conditions with molecular iodine in the 
presence of sodium bicarbonate as a base at 0°C in DCM solvent. This step forms a 
furan ring by attack of the hydroxyl oxygen of the cyclopentyl ring on the activated 
C=C in the ester chain and two isomers 2 & 3 are formed in 10:1 ratio. This stereo-
selectivity becomes irrelevant as the subsequent dehydroiodination step gives the same 
vinyl ether, eventually producing the required Prostacyclin molecule (Scheme 1.11). 
This protocol is also amenable to bulk synthesis. 
 
Scheme 1.11 : Synthesis of sodium salt of prostacyclin. 
One of the best examples of iodine mediated electrophilic cyclization to produce 
compounds applicable in materials chemistry can be found in T. M. Swager’s work 
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reported in 1997, showing the synthesis of fused polycyclic benzenoids and 
benzenoid/thiophene systems (Scheme 1.12).117 These developed methodologies were 
further applied for the synthesis of graphene ribbons and electronic polymers. 
 
 
Scheme 1.12 : Synthesis of fused polycycles. 
 
Larock et al. in 2008 reported a study on the relative reactivities of various functional 
groups in diaryl alkynes towards electrophilic cyclization using I2, ICl, NBS, and 
PhSeCl as electrophiles (Scheme 1.13).118 It was observed that the electrophilic 
cyclization reaction and its outcome was affected by number of factors including the 
relative nucleophilicity of the functional groups, the cationic nature of the intermediate 
involved, sterical hindrance and alignment of functional groups and the electrophile 
used. The functional groups were ordered according to their relative reactivity based on 
the results obtained (Figure 1.16). 
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Scheme 1.13 : Competitive electrophilic cyclization reactions. 
SeMe > SMe > CO2Me > NMe2 > Aryl (Ph) > OMe > OBn  
CH=N-t-Bu > OMe > OAc 
CONHPh > CO2Me < CHO 
Figure 1.16 : Relative reactivity of functional groups in electrophilic cyclization. 
A detailed study of the interaction of I2, I
+, I- and Iֹ with alkynes was done by B. L. 
Flynn et al, to gain a general idea about the role of the above mentioned species and the 
possible outcome of the reaction depending on the substrate used, iodine species 
involved, the reaction conditions and deduced a plausible mechanism for each 
outcome.119 
The study concluded that I2 generally form a symmetrical I2-alkyne complex and in 
cases where iodinium ion is involved, iodovinyl cation (non-symmetrical) is formed. 
The symmetrical I2-alkyne complex is capable of activating both carbon atoms towards 
nucleophilic attack, irrespective of the substituents on each sides of the alkyne which is 
in contrast to the reactions involving other iodinium reagents. 
 
Figure 1.17 : Interaction of iodonium ion with an alkyne. 
As mentioned in Section 1.4, the products obtained by bromocyclization and 
iodocyclization can be further elaborated by using various C-C and C-N coupling 
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protocols. Various such reactions are briefly discussed in the following sections. Some 
of the reactions mentioned are also used to in the first study which is discussed in 
Chapter II, to further elaborate the synthesized products. 
1.4.1 Catalytic coupling reactions of organic halides 
Sonogashira coupling: 
Sonogashira coupling, developed by Kenkichi Sonogashira, is a C-C bond forming 
cross coupling reaction between an aryl or vinyl halide and terminal alkyne employing 
palladium salts/complexes as the catalyst and copper salts/complexes as the co-catalyst 
(Scheme 1.14).120 
 
Scheme 1.14 : Sonogashira coupling. 
Such reaction requires mild conditions like room temperature, mild organic base and 
even can often be run in aqueous media. This makes Sonogashira coupling one of the 
extensively used reactions in organic synthesis. 
Heck reaction: 
The Heck reaction is a reaction between an unsaturated halide (or triflate) and activated 
alkene in the presence of a base and catalysed by a palladium salts/complexes (Scheme 
1.15).121 It is named after its discoverer Richard F. Heck. 
 
Scheme 1.15 : Heck reaction. 
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The Heck reaction is an extremely useful C-C bond forming reaction and was the first 
example of a reaction involving Pd(0)/Pd(II) catalytic cycle. It is known for its 
stereoselectivity with a tendency for trans product. Commonly employed catalysts are 
bis(triphenylphosphine)palladium(II) dichloride [PdCl2(PPh3)2], palladium(II) acetate 
[Pd(OAc)2], tetrakis(triphenylphosphine)palladium(0) [Pd(PPh3)4] and palladium 
chloride (PdCl2). The bases used are generally potassium carbonate, tertiary amine or 
sodium acetate. 
 
Scheme 1.16 : Heck reaction to produce trans-stilbene. 
Suzuki-Miyaura coupling: 
Suzuki-Miyaura coupling is a C-C bond forming reaction between an aryl/vinyl halide 
and an organoboronic acid using a palladium catalyst in the presence of a base (Scheme 
1.17).122 It is named after its discoverer Akira Suzuki and Norio Miyaura. 
 
Scheme 1.17 : Suzuki-Miyaura coupling. 
This reaction is commonly used to produce styrenes, conjugated olefins and biphenyl 
substrates. It is particularly useful, as it employs milder reaction conditions, uses readily 
available boronic acids and can even be considered ecofriendly, as water may be used as 
a solvent. Triflates can also be used instead of halides and boronic esters and 
trifluoroborate salts can be used in place of boronic acids. 
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The Suzuki-Miyaura reaction has been widely used in industry for various applications, 
with one example being the production of Caparratriene, a highly active antileukemic 
agent (Scheme 1.18).123 
 
Scheme 1.18 : Synthesis of Caparratriene. 
Negishi coupling: 
Named after its discoverer Ei-ichi Negishi, Negishi coupling is the C-C bond forming 
cross coupling reaction between an organic halide/triflate and an organozinc compound. 
It is catalysed by either palladium or nickel salts/complexes (Scheme 1.19).124 
 
Scheme 1.19 : Negishi coupling. 
Commonly employed catalyst are [Pd(PPh3)4], [PdCl2(PPh3)2] and [Ni(PPh3)4]. 
Palladium catalysts are more efficient in terms of product yield and higher functional 
group tolerance than nickel catalyst. It was the first reaction used to synthesize 
unsymmetrical biaryls. The reaction must be carried out under anhydrous conditions in 
an inert atmosphere as organozinc compounds are very sensitive to water and oxygen. 
Negishi coupling has been applied industrially to produce PDE472, a drug for asthma 
treatment (Scheme 1.20).125 
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Scheme 1.20 : Synthesis of PDE472. 
Stille coupling: 
Stille coupling is the C-C bond forming palladium catalysed reaction named after its 
discoverer John Kenneth Stille. It is a reaction between an organic halide/pseudohalide 
and an organotin compound (Scheme 1.21).126,127 
 
Scheme 1.21: Stille coupling. 
Organotin compounds are both stable to air and moisture but suffer from low solubility 
in solvents like water due to low polarity. They also have high levels of toxicity. 
Ullmann reaction: 
The Ullmann reaction is a homocoupling reaction between two molecules of an aryl 
halide in the presence of a stoichiometric amount of copper metal (Scheme 1.22).128 The 
reaction is named after Fritz Ullmann. 
 
Scheme 1.22 : Ullmann reaction. 
There exists a variation of this reaction known as “Ullmann-type” reaction which is a 
copper(I) catalysed nucleophilic aromatic substitution. The reaction is between an 
aryl/vinyl halide and a nucleophile (usually N, O or S nucleophiles) in the presence of a 
base (Scheme 1.23).129 
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Scheme 1.23 : Ullmann-type reaction. 
Buchwald-Hartwig amination: 
The Buchwald-Hartwig amination reaction is a C-N bond forming reaction between an 
aryl/vinyl halide or pseudohalide and a primary or secondary amine catalysed by 
palladium in the presence of a base (Scheme 1.24).130,131 It is named after Stephen L. 
Buchwald and John F. Hartwig. 
 
Scheme 1.24 : Buchwald-Hartwig amination. 
As many pharmaceuticals and natural products contain aryl C-N bonds, this reaction 
finds enormous application both industrially and academically. 
Castro-Stephens coupling: 
The Castro-Stephens coupling reaction is a cross coupling reaction between an aryl 
halide and a copper acetylide, usually in the presence of a base, to give disubstituted 
alkyne (Scheme 1.25).132 It is named after Charles E. Castro and Robert D. Stephens. 
 
Scheme 1.25 : Castro-Stephens coupling reaction. 
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This reaction is seldom used as it requires a stoichiometric amount of copper to produce 
the copper acetylide. These days such reaction is conveniently replaced by Sonogashira 
coupling which offers much broader scope in terms of reactants, catalyst, base and also, 
efficient in terms of product yield. 
Hiyama coupling: 
Named after Tamejiro Hiyama, Hiyama coupling is a C-C bond forming cross coupling 
reaction between an aryl, vinyl or alkyl halide/pseudohalide and an organosilane in the 
presence of a palladium catalyst and a base or activating agent like fluoride ion (Scheme 
1.26).133 
 
Scheme 1.26 : Hiyama coupling. 
This reaction not only enables new aryl-aryl bonds to be formed, but also synthetically 
more challenging aryl-alkyl bonds. Hiyama coupling is very similar to Suzuki coupling 
and offers almost similar scope but not yet become as widespread. 
Kumada coupling: 
Kumada coupling is a palladium or nickle catalysed cross coupling reaction involving 
the formation of C-C bonds. It is the reaction between an aryl, vinyl or alkyl halide and 
a Grignard reagent (Scheme 1.27).134 It is named after Makoto Kumada. 
 
Scheme 1.27 : Kumada coupling. 
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The reaction involving vinyl halides is stereospecific and the product retains the 
configuration, while with vinylic Grignard reagents, the reaction loses the 
stereospecificity. Industrially, Kumada coupling is used in the synthesis of an 
intermediate of the hypertension drug ‘Aliskiren’ (Scheme 1.28).135 
 
Scheme 1.28 : Synthesis of the drug Aliskiren. 
1.5 Electrophilic cyclization by other sources 
Apart from metals and halogen sources, electrophilic cyclization of heteroatom tethered 
C-C multiple bonds can also be mediated by selenium species like PhSeBr/Cl136-138 and 
sulfur species like PhSBr/Cl.100,139,140 Such species are not as effective as other 
previously mentioned electrophiles in activating the C-C multiple bonds and only offer 
cyclization to very few selected molecules and hence are rare to encounter. 
One such example is the report of Larock et al.141 
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Scheme 1.29 : Synthesis of selenium and sulfur substituted isoquinolines. 
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2.1 Chapter outline 
Considering the importance of heterocyclic molecules as discussed in the Chapter I, the 
demand for developing new and efficient methodologies for the synthesis of 
heterocycles is always high. The aim of developing a new methodology for the 
synthesis of any heterocycles would be to make the reaction simpler in terms of the 
reagents and its handling, the use of milder reaction conditions, minimizing the 
formation of by-products and facilitating the easy isolation of the product. As 
mentioned in Chapter I, electrophilic cyclization reactions have played a very important 
role in the development of heterocyclic chemistry. Though the synthesis of various 
kinds of heterocycles by electrophilic cyclization has been extensively studied, there 
have been a lack of reports for the synthesis of dihydrofurans, especially by halogen 
mediated electrophilic cyclization. The aim of the study, discussed in this chapter was to 
develop a protocol for the synthesis of dihydrofuran molecules via electrophilic 
cyclization reaction and to further functionalize the synthesized products by various C-
C and C-N coupling methods. 
Before detailing the experimental work performed in the study, this chapter briefly 
introduces the furan class of heterocycle, covering its synthesis, reactivity and 
applications in the following sections. 
2.2 Introduction 
Furans represent a class of molecules which are 4-carbon and 1-oxygen containing 5-
membered ring heterocycles. They can be aromatic, partially saturated or fully saturated 
molecules. Various types of furan heterocycles are shown in Figure 2.1.   
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Figure 2.1 : Various types of furans. 
One of the most extensively used furan heterocycles is tetrahydrofuran (THF), which is 
a colourless water miscible polar aprotic solvent and widely used in the laboratory.1 
Most of the various furan substrates are synthesized starting from the parent moiety of 
furan, which is planar, has 6 π electrons and fulfils the 4n+2 rule. The lone pair of 
electrons on the oxygen accounts for the resonance stabilization of the molecule. The 
furans are generally more reactive towards electrophiles compared to benzene systems, 
due to the electron donating effects of the oxygen atom. The Inductive effect is also 
higher in furans than their nitrogen counterparts, due to the higher electronegativity of 
oxygen compared to nitrogen.2,3 There are numerous ways to synthesize furan and its 
derivatives derived, which are discussed below. 
2.2.1 Synthesis of furans 
Furan can be prepared from furfural (Scheme 2.1), a colourless, almond flavoured liquid 
which was first isolated from agricultural by-products. Furfural is a furan containing an 
aldehyde substituent in the 2-position and is a cheap source for the synthesis of a range 
of furan-like molecules. Furfural and butadiene are used industrially for the manufacture 
of furan by palladium catalysed decarbonylation and copper catalyzed oxidation, 
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respectively. On a laboratory scale, furan can be made by the decarboxylation of furoic 
acid (an oxidation product of furfural).4-8 
 
Scheme 2.1 : Industrial synthesis of furan. 
Other classic approaches to synthesize furan substrates are the Paal-Knorr synthesis as 
discussed in Chapter I and the Feist-Benary synthesis discovered by Franz Feist and 
Erich Benary (Scheme 2.2).9,10 While both methods share common features (like 
carbonyl compounds as starting materials), they differ in the catalyst used; as the former 
is acid catalysed while the latter is base catalysed. The Feist-Benary synthesis is the 
reaction between an α-haloketone and a dicarbonyl compound catalysed by mild bases 
such as ammonia or pyridine. The process involves Knoevenagel condensation and 
subsequent nucleophilic aliphatic substitution of a halogen atom to produce furan 
derivatives. 
 
Scheme 2.2 : Feist-Benary synthesis of furans. 
In addition to the above mentioned reactions for the synthesis of substituted furans, a 
number of other methods are employed using different kinds of starting materials 
(Figure 2.2) and reaction conditions for the synthesis of furans,11-15 as are outlined 
below. 
Epoxides, which are often called ‘disguised ketones’, are used in the synthesis of furans 
but often lack specificity. Butenolides, which are the lactam form of furan, undergo 
reduction and elimination to produce furan moieties. Pyrans (which are 6-membered 
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ring oxygen heterocycles) are occasionally used to produce carboxylic acid 
functionalized furan substrates via ring contraction reactions. The process involves the 
base catalysed intramolecular aliphatic substitution of halides. Similarly, pyridine 
oxides are used to synthesize sulphur substituted furan moieties. The treatment of a 
pyridine oxide with a thiol and subsequent acid or base catalysed elimination gives the 
required furan. Furans are also made by the metal catalysed reduction of appropriately 
substituted peroxides. The review article by F. M. Dean provides a comprehensive 
report on various the methodologies for the synthesis of furan derivatives.12 
 
Figure 2.2: Different starting materials used for the synthesis of furans. 
The synthesis of various furan heterocycles via electrophilic cyclization of molecules 
having C-C multiple bonds like alkynes, olefins and allenes with a tethered nucleophile 
(oxygen nucleophile for furans) have gained a considerable interest lately. The literature 
is vast and will be discussed in detail in Section 2.2.4.  
2.2.2 Reactions of furans 
Furans act as very versatile starting materials for use as synthons in various organic 
transformations and in the synthesis of different types of open and closed chain 
molecules.16-30 The reactivity of furans is discussed briefly in the following paragraphs. 
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The parent furan moiety has been found to be an excellent source for the synthesis of 
1,4-dicarbonyl compounds. Appropriately substituted furans can be made to undergo 
hydrolytic ring opening reactions by Lewis acid catalysis to afford 1,4-dicarbonyls. 
Diacylethylene (a 1,4-dicarbonyl compounds with α,β unsaturation) units can be made 
by oxidative ring opening reactions. Such oxidation reactions can be carried out using 
singlet oxygen species, peracids, or bromine as the oxidant. 
Other 5-membered oxacycles can also be prepared from furan precursors. The four main 
strategies applied for such conversions are oxidation, reduction, addition or 
cycloaddition, as are outlined below. 
(i) Oxidation, using similar oxidants mentioned in the above paragraph can give 
carbonylated furans. 
(ii) Reduction, mainly using alkali metals in ammonia can produce dihydrofurans 
and tetrahydrofuran substrates. This method is applied industrially to produce 
THF. 
(iii) Addition, the π-system of furan can undergo addition to give either or both 1,2-
addition or 1,4-addition products. Such reactions can be catalysed by Bronsted 
or Lewis acids. 
(iv) Cycloaddition reaction resulting in bicyclic oxacycles. 
In addition to the synthesis of 5-membered rings, furans can also undergo ring 
expansion to produce 6-membered oxacycles. Three major strategies are followed for 
such conversions. The most common is the Achmatowicz reaction,31 which is the 
oxidative rearrangement of hydroxyl methyl furans to 3-pyrans. The second approach is 
the [4+3] cycloaddition reaction and C-C bond cleavage to produce oxabicyclo[3.2.1] 
octenes. The third approach is the oxidative rearrangement of furyl carbinols is another 
method to produce 6-membered rings, such as the synthesis of pyranose sugar. 
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Apart from ring opening reactions and conversion to other O-heterocycles, furans are 
also used for the preparation of 6- and 7-membered carbocycles. Such conversions 
involve a Diels-Alder reaction followed by C-O bond cleavage. The review by D. L. 
Wright gives a comprehensive summary of furans and its reactions,30 an overview of 
which was discussed above. Scheme 2.3 provides a comprehensive summary of furan’s 
versatility as a source for various organic substrates in organic synthesis as discussed 
above. 
 
Scheme 2.3 : The use of furans as synthons for various organic transformations. 
2.2.3 Applications of furans 
As discussed in Chapter I, furans are no less than other heterocycles for their 
significance and presence in pharmaceuticals, naturally occurring and bio-active 
compounds.31-41 Various furan moieties exhibit a broad range of activities which include 
anti-depressant, analgesic, anti-inflammatory, tuberculostatic, anti-microbial, anti-viral 
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and cytostatic steroidal activity. The furan-based molecule “(5-(4-
bromophenyl)tetrahydrofuran-2-yl)methanol” shown in Figure 2.3 is an example of a 
tuberculostatic active molecule. 
 
Figure 2.3 : Furan substrate exhibiting tuberculostatic activity.  
The commercially available drug, Oxycantin (oxycodone) (Figure 2.4) is a fine example 
of a furan-based analgesic drug used to treat severe acute or chronic pain. 
 
Figure 2.4 : Structure of Oxycantin. 
Apart from biological and pharmaceutical applications, furans (either as a single 
compound or as polymers) have also found wide application in the textile and fibre 
industries, as well as in detergents, skin care, fuel additives, dyes and photo 
sensitizers.34, 42-52 For example, ethyl furanoate (Figure 2.5) is a widely used anti-
knocking additive in gasoline fuels, while dicyanomethylene substituted dihydrofurans 
(Figure 2.6) are used as fluorophores to label, detect and quantify biomolecules. The 
aryl dihydrofuran moiety and cyano groups act as electron donor and electron acceptor 
groups respectively. The electron relay from donor group to acceptor group confers the 
molecule its fluorophoric property. 
 
Figure 2.5 : Ethyl furanoate. 
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Figure 2.6 : A fluorophoric dihydrofuran substrate. 
2.3 Synthesis of furans from alkynes and other C-C multiple 
bonds via electrophilic cyclization 
One of the best methods to produce heterocycles is by electrophilic cyclization, in 
which a nucleophile attacks an intramolecularly located C-C multiple bond, which is 
usually activated by an electrophile. Electrophilic cyclization has played a significant 
role in the development of heterocyclic chemistry, as it has provided versatile 
methodologies for the preparation of a variety of heterocyclic molecules. A large 
number of synthetic procedures for the preparation of various furan substrates are 
known involving electrophilic cyclization mediated by metals, acids, halogens and other 
electrophilic sources. A brief summary of these methods are discussed below.  
A variety of oxygen containing nucleophiles have been used in electrophilic cyclization 
for furan substrate synthesis. Carboxylic acids and esters (commonly methyl and ethyl 
esters) are generally used to prepare 2-furanone derivatives.53-59 3-Furanones are 
commonly made from molecules containing a carbonyl group acting as the nucleophile 
and another oxygen group in the adjacent position (Figure 2.7). This oxygen group is 
usually an alcohol or an ether (bonded to a leaving group (LG) such as trimethylsilyl).60-
65 Dicarbonyl compounds have also been used for the preparation of furanone 
derivatives.66 
 
Figure 2.7 : Common substrates for furanone synthesis by electrophilic cyclization. 
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Benzofurans and heteroaryl furans are made from aryl/heteroaryl alkynes containing 
methoxy, acetoxy or alcohol groups in the ortho position to the alkyne moiety (Figure 
2.8).67-73 Such processes may proceed in the presence or absence of a mild base at room 
temperature.  
 
Figure 2.8 : Typical substrate for benzo/heteroarylfuran synthesis. 
Other types of aromatic furans can be prepared from α,β-unsaturated ketones 
(alkenones) containing an alkyne moiety at the α-position. The reaction proceeds via the 
attack of either an external nucleophile or an internal nucleophile (present at a 
favourable position to the C-C double bond of the α,β-unsaturated ketone) to the double 
bond. As the electron density shifts towards the carbonyl group, the eventual attack of 
the carbonyl oxygen onto the alkyne affords the cyclized product.74-77 Amide-linked 
alkynes also find their use in the synthesis of furans.63,78 The alkynones (i.e. β,γ-
unsaturated carbonyl compounds) are also used to make furan by electrophilic 
cyclization (Figure 2.9). Instead of a nucleophilic attack, the reaction proceeds by α-
hydrogen abstraction or proton abstraction of the enol form of the carbonyl compound 
and the intramolecular attack of the oxygen nucleophile on the activated alkyne to 
afford the furan substrates.79-82 
Several other substrates including thiol alkynols83 and epoxy containing alkynes84,85 
have been used for the generation of furans.86-92 There is also a report of the 
aromatization of electrocyclized fluoro-dihydrofuran using silica gel to provide fluoro 
substituted furans.93 
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Figure 2.9 : Common substrates for furan synthesis. 
There are plenty of reports in the literature concerning the synthesis of various kinds of 
furans, from the simplest to the most complex substrates, by electrophilic cyclization 
mediated by various metals and halogen sources. In comparison, far fewer studies have 
been undertaken on the synthesis of dihydrofurans by electrophilic cyclization and of 
these, a majority have been by metal mediated electrophilic cyclization. Some of these 
reactions has been discussed below. 
Phenols attached to an allyl or a propargyl chain at the ortho position are often used for 
dihydrobenzofuran synthesis by using various electrophiles via 5-exo-trig/dig 
cyclization.94-102 
On the other hand, substrates like dihydroisobenzofuran are obtained via 5-exo-dig 
cyclization of molecules containing an alkyne with an oxygen nucleophilic group like 
methylene alcohol103-105 or a carbonyl group (for example an aldehyde or ketone) at the 
ortho position (Figure 2.10).106-109 
 
Figure 2.10 : Substrates for the synthesis of dihydrobenzofuran and 
dihydroisobenzofuran. 
Reports of the synthesis of other types of dihydrofurans (other than those mentioned 
above) are scarce, of these a majority are metal mediated reactions or less frequently, 
iodonium ion mediated electrophilic cyclization reactions. Some common types of 
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substrates used for the synthesis of dihydrofurans are alcohol substituted cumulenes (via 
5-endo-trig cyclization),110-114 alkene-yn-ols (via 5-exo-dig cyclization)115,116 and 
carbonyl compounds with a triple or double bond, substituted at the γ-position (via 5-
exo-dig cyclization) (Figure 2.11).117-119 
 
Figure 2.11 : Substrates used for dihydrofuran synthesis by electrophilic cyclization. 
 
Going forward from the report on the regioselective synthesis of iodo-pyrroles by 
molecular iodine mediated electrophilic cyclization,120 it was hypothesized along the 
lines that iodo-dihydrofurans could be synthesized using iodonium ion (I+) as the 
electrophile, from substrates containing not one, but two potential nucleophiles (in this 
case N and O). This would introduce more challenges to the study in terms of 
competition of the nucleophiles (N and O atoms) for cyclization giving a particular 
heterocycle over the other. Most electrophilic cyclization reactions (as was discussed 
previously) contain only one nucleophilic centre in the substrate which, by attack to a 
C-C multiple bond gives a particular heterocycle. In case of substrates having more than 
one nucleophile, the selective cyclization of the molecule by the attack of the preferred 
nucleophile over the other is challenging and if the desired heterocycle molecule is 
obtained successfully over the other, would provide an opportunity to utilize the 
unreacted nucleophile for further functionalization of the molecule. This would be 
particularly useful for construction complex/mixed heterocycle molecules. The details 
of the study towards the synthesis of dihydrofurans is explained in the following 
section. 
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2.4 Present study 
As hypothesized, a model substrate (Figure 2.12) containing two potential nucleophiles 
for the study of the regioselective synthesis of iodo-dihydrofuran molecules was 
obtained by Sonogashira coupling of homopropargyl alcohol and 2-iodoaniline (Scheme 
2.4).121 This model substrate having two different potential nucleophiles in the form of 
amine group and alcohol group is apt for the present studies. The interest was to 
synthesize dihydrofurans by the attack of oxygen of alcohol group and not indoles 
which would result by the attack of nitrogen nucleophile of the amine group. The results 
are discussed in the following section. 
 
Figure 2.12 : Model substrate for the dihydrofuran synthesis. 
 
Scheme 2.4 : Sonogashira coupling of homopropargyl alcohol and 2-iodoaniline. 
2.4.1 Results and discussion 
The aminoalkynol substrate (1a) obtained via a Sonogashira reaction was subjected to 
iodocyclization with 3 equivalents of molecular iodine (I2) and 3 equivalents of K2CO3 
as a base in acetonitrile solvent (Scheme 2.5). The reaction was allowed to proceed at 
room temperature under nitrogen atmosphere and monitored by TLC analysis at 
periodic intervals of one hour. However, there was no evidence for the formation of a 
cyclized product and only unreacted starting materials could be identified even after 
several hours. 
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Scheme 2.5 : Attempted iodocyclization of aminoalkynol 1a. 
As the above reaction failed to proceed, the carbamated aminoalkynol was used (4a) in 
line with the previous study.120 Substrate 4a was obtained by treating 2-iodoaniline with 
ethyl chloroformate and subsequent Sonogashira coupling with homopropargyl alcohol 
(Scheme 2.6). 
 
Scheme 2.6 : Synthesis of aminoalkynol 4a. 
The aminoalkynol was then subjected to the iodocyclization reaction using the same 
conditions employed for the previous reaction (Scheme 2.7). After one hour, a new 
species had formed, as indicated by the appearance of a new spot on the TLC plate high 
above the starting material when run under approx. 7:3 petroleum ether and ethyl 
acetate mixture. Since the starting material (4a) was still present in significant amounts, 
the reaction was allowed to continue. However, even after 24 hours, the presence of 
starting material was still evident. To identify the new species that had formed, the 
reaction was quenched by addition of ethyl acetate and saturated aqueous Na2S2O3 
solution. The organic phase was separated, and the product was isolated by column 
chromatography. This isolated product was a light-yellow oil and analysed by ESI-mass 
spectrometry, 1H and 13C NMR spectroscopy. 
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Scheme 2.7 : Iodocyclization of aminoalkynol 4a. 
The mass spectrum of the product showed an intense peak at 360 m/z consistent with the 
formation of a cyclized product. By analysis of the 1H and 13C NMR spectra, the 
product was identified as the iodo-dihydrofuran. When the 1H NMR of aminoalkynol 4a 
(Figure 2.13) and product 5a (Figure 2.14) was compared it showed the loss of the 
broad singlet at 3.4 ppm corresponding to the alcoholic proton in the 1H NMR spectrum 
of 4a and the presence of singlet peak at 7.6 ppm in the 1H NMR spectrum of 5a 
corresponding to the amine group. Also, there was significant shifts in the peaks 
corresponding to two methylene groups of alcohol chain. By this we were able confirm 
that the product was dihydrofuran and not indole. 
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Figure 2.13 : 1H NMR spectra of aminoalkynol 4a. 
Figure 2.14 : 1H NMR spectra of iodo-dihydrofuran 5a. 
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The 13C NMR spectra (refer Appendix 2 at the end of the chapter) also complemented 
the result obtained from the 1H NMR spectrum by having necessary peaks for all the 
carbon in the iodo-dihydrofuran product. As the product was a liquid, the structure 
could not be confirmed by single crystal XRD analysis. Consequently, the iodo-
dihydrofuran product was derivatized via Heck reaction using methyl acrylate (Scheme 
2.8) to afford the coupled product as a light brown solid. This product was characterized 
by ESI-MS, 1H (Figure 2.15) and 13C NMR (refer appendix 3) spectroscopy and also, a 
single crystal X-ray diffraction (Figure 2.16). These results confirmed that the 
iodocyclization shown in Scheme 2.7 did indeed generate the dihydrofuran product. 
 
Scheme 2.8 : Heck coupling of iodo-dihydrofuran 5a. 
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Figure 2.15 : 1H NMR spectra of the Heck product 6a. 
 
Figure 2.16: Crystal structure of the Heck product 6a. 
(crystal data is provided in the appendix 4 at the end of the chapter) 
 
After confirming the formation of the iododihydrofuran product, the reaction conditions 
for the iodocyclization were optimized to maximize the yield of the reaction. As can be 
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seen in Table 2.1, this included investigating different electrophilic sources, solvents 
and bases.  
Table 2.1 : Optimization of reaction conditions for the synthesis of dihydrofuran by 
iodocyclization.a 
Entry Solvent Base (equiv.) I+ (equiv.) Yieldb (%) 
1 MeCN K2CO3 (3) I2 (3) 47 
2 MeCN Cs2CO3 (3) I2 (3) 20 
3 MeCN NaHCO3 (3) I2 (3) -
c 
4 MeCN K2CO3 (3) CAN (1.1) + I2 (3) -
e 
5 MeCN K2CO3 (3) ICl (2) -
c,d 
6 DCM - NIS (1.1) -c 
7 THF K2CO3 (3) I2 (3) 17 
8 MeOH K2CO3 (3) I2 (3) trace 
9 MeCN KOt-Bu (3) I2 (3) 78 
aReaction conditions: Alkynol 4a (0.5 mmol), base, I+ source, solvent (2 mL) at room 
temperature for 2 h. bYield of isolated product. cNo desired product observed. dThe product is 
isolated and discussed in chapter III. eAn inseparable mixture. 
 
The initial reaction conditions (3 equiv. of K2CO3 as a base and 3 equiv. of molecular 
iodine as the electrophilic source in acetonitrile (MeCN) solvent gave the cyclized 
product in a low yield of 47% (Entry 1); changing the base to Cs2CO3 (3 equiv.) 
lowered the yield to 20% (Entry 2) and with NaHCO3 no product formation was 
observed (Entry 3). The use of ICl (Entry 5) and NIS (Entry 6) electrophilic sources 
similarly failed to give the cyclized product. 
Addition of an additive like ceric ammonium nitrate (CAN), which helps in generating 
the I+ electrophile by oxidizing I2, didn’t provide any product and an inseparable 
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mixture was formed (Entry 4). Changing the solvent to tetrahydrofuran (THF) (Entry 7) 
and methanol (MeOH) (Entry 8) could not improve the yield. Finally, when a strong 
alkoxide base like potassium tert-butoxide (KOt-Bu) was used, the reaction gave a very 
good yield of 78% (Entry 9). Based on the above observation it appears that the strong 
alkoxide base helps to generate the oxygen nucleophile by deprotonating the hydroxyl 
group, while milder bases were not as efficient in doing so. Hence the reaction 
proceeded quickly and efficiently. 
 Once the reaction conditions were optimized, the scope of substrates with different 
substitutions on the aromatic ring and on the amine group were explored.  
Table 2.2 : Scope of the iodocyclization reaction.a 
 
 
aReaction conditions: Alkynols (1 mmol), KOt-Bu (3 equiv.), I2 (3 equiv.) and MeCN (4 mL) at 
room temperature for 2 h. bNo product formation was observed. cK2CO3 (3 equiv.) was used as a 
base. dInseperable mixture, product confirmed by HRMS. 
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The reaction proceeded well with several substrates bearing various substitutions on the 
amine group (5a, 5b, 5d, 5e), except for the methylated amine (5c). From these 
observation, it can be concluded that the presence of a carbonyl group on the amine is 
favourable for the reaction to proceed. Subsequently, keeping the amine group constant, 
the effects of substitution on the aromatic ring was investigated. It appears that electron 
withdrawing groups are well tolerated (although yields are less than unsubstituted) (5f 
to 5i) while the electron donating methoxy group disfavours the reaction (5j). The 
product   5k containing the electron donating substituent, methyl group and acyl 
protection at amine was obtained in high yield of 86% (5k). The substrate with methoxy 
substitution on the aromatic ring and benzyl protection at amine led to the formation of 
an inseparable mixture. However, the product (5l) was detected by HRMS. 
A single crystal of molecule 5e was grown, and analysed by XRD and the structure of 
iodo-dihydrofuran was yet again proved. (Figure 2.17). 
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Figure 2.17 : Crystal structure of iodo-dihydrofuran 5e. 
(crystal data is provided in the appendix 4 at the end of the chapter) 
 
After investigating the scope of the reaction and synthesizing various iodo-dihydrofuran 
substrates, the compatibility of the iodo-products was tested in a variety of C-C 
coupling reactions including Heck coupling, Sonogashira and Suzuki coupling. As 
already mentioned in the Section 2.3.1, the iodo-dihydrofuran was successfully coupled 
with methyl acrylate through a Heck reaction, with the product (6a) obtained in good 
yield (80%). The iodo product was also tested for coupling with an alkyne via 
Sonogashira reaction. The iodo-dihydrofuran was treated with 3-butyn-1-ol in the 
presence of a palladium catalyst and copper co-catalyst using triethylamine (Et3N) as 
both base and solvent. The reaction proceeded smoothly at room temperature under a 
nitrogen atmosphere, to give the coupled product (7b) in excellent yield (91%). 
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The Suzuki coupling reaction was tested for the iodo-product with phenylboronic acid 
in the presence of Et3N as a base and a DMF:H2O (4:1) solvent mixture at 80 °C. The 
coupled product (8d) was obtained successfully in high yield (85%). 
After successfully testing the iodo-dihydrofurans is three coupling methods, the 
unreacted amine functionality was utilized to derivatize the molecule. For this purpose, 
an Ullmann-type coupling reaction between the nitrogen atom of the amine and the 
carbon attached to iodine was attempted for the synthesis of a tricyclic furo-indole 
molecule.121-123 The reaction was catalysed by cuprous iodide (CuI) with a diamine as 
the accompanying ligand in the presence of the inorganic base tripotassium phosphate 
(K3PO4) and using toluene as the solvent at 80°C. The reaction proceeded smoothly to 
give the fused tricyclic heterocycle (9d) in fairly good yield (65%). This is a unique 
approach to the synthesis of furo-indoles via iodocyclization and was achieved by the 
initial selective iodocyclization of aminoalkynols into dihydrofurans. 
The efforts to synthesize a different tricyclic fused heterocycle, furo-quinoline (10a) via 
the intramolecular Michael addition of an amine group to the double bond of the 
acrylate moiety of substrate 6a was unfortunately not successful. The addition was tried 
both with palladium catalysis (Pd(OAc)2, 10mol%) and base (KOH, 3equiv.) mediated 
reaction, neither of it could give the desired product. 
The derivatization of the iodo-dihydrofuran molecule with the above mentioned 
protocols is shown in Scheme 2.9. 
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Scheme 2.9 : Reactions of iodo-dihydrofuran substrates. 
Curious to see whether a transition metal palladium would catalyse the electrophilic 
cyclization of aminoalkynol 4a and provide the product 6a (Scheme 2.9), a mixture of 
aminoalkynol 4a and methyl acrylate in the presence of PdCl2(PPh3)2 as a catalyst and 
Et3N as the base in DMF solvent was heated to 80°C for 48 h after which time the 
reaction was complete as indicated by TLC. The NMR spectral parameters of the 
product, after purification by chromatography were identical to those of the product 
derived by the palladium catalysed coupling of 5a and methyl acrylate confirming the 
formation of 6a. Similar to any general palladium catalysed electrophilic cyclization 
discussed in Chapter I, this reaction might proceed through the electrophilic cyclization 
of the aminoalkynol via palladium activation of the alkyne, giving the palladium 
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substituted dihydrofuran intermediate (I1), eventually attacked by methyl acrylate to 
give product 6a (Scheme 2.10). 
 
Scheme 2.10 : Synthesis of 6a by a palladium catalysed coupling reaction. 
2.4.2 Conclusions 
To summarize, iodo-dihydrofurans were successfully synthesized regioselectively from 
aminoalkynols and the reaction conditions were optimized by testing various iodonium 
(electrophilic) sources, bases and solvents. Molecular iodine (I2) (3equiv.) was found to 
be the best electrophilic source with KOt-Bu (3 equiv.) as a base and acetonitrile as the 
solvent at room temperature. The optimized conditions were applied successfully to 
several substituted aminoalkynols and iodo-dihydrofuran substrates were obtained in 
good to excellent yields. Also, the reaction was clean with no by-products formed, 
aiding in easier separation of the products. The synthesized iodo-dihydrofurans were 
then further functionalized using various C-C coupling and C-N coupling protocols with 
good success by exploiting the residual iodine in the product. This developed 
methodology for dihydrofuran synthesis also provided a new approach for the synthesis 
of tricyclic fused heterocycle furo-indole moieties. Considering the importance of the 
dihydrofuran moiety in various applications in relevant fields of chemistry, where 
dihydrofuran synthesis and its applications is concerned. this methodology should find 
informative and useful. The methodology developed should influence and pave way for 
development of many more methods for synthesis of a variety of dihydrofuran 
molecules with special focus on halogen mediated reactions and also encourage more 
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studies on the selective synthesis of heterocyclic molecules from substrates having more 
than one nucleophile. 
2.4.3 Experimental 
All reactions were performed using oven dried glassware under a nitrogen atmosphere. 
Chemicals were purchased from Sigma Aldrich and used as received unless otherwise 
mentioned. The products were purified by column chromatography on silica gel 60-120 
mesh. Technical grade solvents were used for chromatography and distilled prior to use. 
The 1H NMR, 13C NMR and 19F NMR spectra were recorded on a 300 MHz, 400 MHz 
and 500 MHz spectrophotometer using CDCl3 and TMS as the internal standard. 
Multiplicities in the 1H NMR spectra are described as s = singlet, d = doublet, t = triplet, 
q = quartet, m = multiplet and bs = broad singlet; coupling constants are reported in Hz. 
Low and high-resolution mass spectra were recorded by an ion trap method and 
mass/charge (m/z) ratios are reported as values in atomic mass units. All melting points 
are uncorrected. 
Typical procedure for the synthesis of aminoalkynols (4a–4l) via Sonogashira 
coupling and their characterizing data. 
To a solution of substituted 2-iodoaniline (1 mmol) in N,N-dimethy formamide (3 mL) 
was added 3-butyn-1-ol (1.2 mmol), triethylamine (3 mmol), PdCl2(PPh3)2 (2 mol%) 
and CuI (1 mol%) which were stirred well under a nitrogen atmosphere at room 
temperature until the reaction was completed (approx. 6 h). The reaction mixture was 
diluted with ethyl acetate and washed with brine solution. The organic extract was dried 
over anhydrous Na2SO4 and concentrated under reduced pressure. The crude product 
obtained was purified by silica gel column chromatography using hexane–ethyl acetate 
mixture (70:30). 
Ethyl (2-(4-hydroxybut-1-yn-1-yl)phenyl)carbamate (4a). 
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Yield  : 216 mg (93 %); brown oil. 
1H NMR (300 MHz, CDCl3) : δ 8.03 (d, J = 8.2 Hz, 1H), 7.55 (s, 1H), 7.29 
(dd, J = 7.7, 1.5 Hz, 1H), 7.26 – 7.17 (m, 1H), 
6.90 (td, J = 7.5, 1.1 Hz, 1H), 4.17 (q, J = 7.1 
Hz, 2H), 3.78 (t, J = 6.4 Hz, 2H), 2.68 (t, J = 6.4 
Hz, 2H), 1.25 (t, J = 7.1 Hz, 3H). 
13C NMR (75 MHz, CDCl3) : δ 153.4, 139.3, 131.6, 129.2, 122.4, 117.7, 
111.7, 94.0, 77.7, 61.4, 61.0, 23.8, 14.6. 
HRMS (ESI) [M+H]+ : Calculated for C13H16O3N = 234.11247, found 
234.11142. 
tert-Butyl (2-(4-hydroxybut-1-yn-1-yl)phenyl)carbamate (4b). 
Yield  : 253 mg (97 %); brown oil. 
1H NMR (300 MHz, CDCl3) : δ 8.09 (d, J = 8.3 Hz, 1H), 7.38 (s, 1H), 7.34 
(dd, J = 7.7, 1.4 Hz, 1H), 7.31 – 7.22 (m, 1H), 
6.93 (td, J = 7.6, 1.0 Hz, 1H), 3.86 (t, J = 6.3 
Hz, 2H), 2.76 (t, J = 6.3 Hz, 2H), 1.53 (s, 9H). 
13C NMR (75 MHz, CDCl3) : δ 152.6, 139.7, 131.6, 129.2, 122.0, 117.5, 
111.4, 93.8, 80.8, 77.9, 61.1, 28.4, 23.9. 
HRMS (ESI) [M+Na]+ : Calculated for C15H19O3NNa = 284.12571, 
found 284.12501. 
4-(2-(Methylamino)phenyl)but-3-yn-1-ol (4c). 
Yield  : 168 mg (96 %); brown oil. 
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1H NMR (300 MHz, CDCl3) : δ 7.28 – 7.16 (m, 2H), 6.65 – 6.55 (m, 2H), 3.81 
(t, J = 6.2 Hz, 2H), 2.88 (s, 3H), 2.73 (t, J = 6.2 
Hz, 2H). 
13C NMR (75 MHz, CDCl3) : δ 149.9, 132.0, 129.6, 116.3, 109.1, 107.8, 92.5, 
77.4, 60.6, 30.4, 23.5. 
HRMS (ESI) [M+H]+ : Calculated for C11H14ON = 176.10699, found 
176.10713. 
N-(2-(4-Hydroxybut-1-yn-1-yl)phenyl)acetamide (4d). 
Yield  : 199 mg (98 %); brown oil. 
1H NMR (500 MHz, CDCl3) : δ 8.34 (d, J = 8.3 Hz, 1H), 8.21 (s, 1H), 7.35 (d, 
J = 7.5 Hz, 1H), 7.29 (dd, J = 12.1, 4.9 Hz, 1H), 
7.00 (t, J = 7.5 Hz, 1H), 3.87 (t, J = 6.1 Hz, 2H), 
2.75 (t, J = 6.1 Hz, 2H), 2.20 (s, 3H). 
13C NMR (101 MHz, CDCl3) : δ 169.2, 139.3, 131.2, 129.0, 123.3, 119.6, 
112.7, 94.9, 74.8, 60.6, 23.8, 23.5. 
HRMS (ESI) [M+H]+ : Calculated for C12H14O2N = 204.10191, found 
204.10101. 
N-(2-(4-Hydroxybut-1-yn-1-yl)phenyl)benzamide (4e). 
Yield  : 257 mg (97 %); Light brown solid. 
MP : 78-80 °C. 
1H NMR (400 MHz, CDCl3) : δ 8.85 (s, 1H), 8.55 (d, J = 8.0 Hz, 1H), 7.97 – 
7.91 (m, 2H), 7.58 – 7.46 (m, 3H), 7.42 (dd, J = 
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7.7, 1.4 Hz, 1H), 7.39 – 7.32 (m, 1H), 7.06 (td, J 
= 7.6, 1.1 Hz, 1H), 3.86 (t, J = 6.2 Hz, 2H), 2.79 
(t, J = 6.2 Hz, 2H). 
13C NMR (101 MHz, CDCl3) : δ 165.4, 139.1, 134.7, 132.0, 131.7, 129.3, 
128.8, 127.2, 123.6, 119.3, 112.8, 95.0, 77.4, 
60.9, 23.9. 
HRMS (ESI) [M+H]+ : Calculated for C17H16O2N = 266.11756, found 
266.11672. 
Ethyl (4-chloro-2-(4-hydroxybut-1-yn-1-yl)phenyl)carbamate (4f). 
Yield  : 262 mg (98 %); brown solid. 
MP : 66-68 °C. 
1H NMR (500 MHz, CDCl3) : δ 8.07 (s, 1H), 7.48 (s, 1H), 7.31 (d, J = 2.4 Hz, 
1H), 7.24 (dd, J = 8.9, 2.2 Hz, 1H), 4.24 (q, J = 
7.1 Hz, 2H), 3.87 (t, J = 6.1 Hz, 2H), 2.76 (d, J 
= 6.1 Hz, 2H), 1.33 (t, J = 7.1 Hz, 3H). 
13C NMR (75 MHz, CDCl3) : δ 153.3, 138.0, 131.1, 129.2, 127.2, 118.9, 
113.2, 95.4, 76.6, 61.6, 60.9, 23.8, 14.6. 
HRMS (ESI) [M+H]+ : Calculated for C13H15O3NCl = 268.07350, found 
268.07412. 
Ethyl (5-chloro-2-(4-hydroxybut-1-yn-1-yl)phenyl)carbamate (4g). 
Yield  : 227 mg (85 %); brown oil. 
1H NMR (500 MHz, CDCl3) : δ 8.21 (s, 1H), 7.53 (s, 1H), 7.29 – 7.21 (m, 1H), 
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6.96 – 6.89 (m, 1H), 4.29 – 4.20 (m, 2H), 3.90 – 
3.83 (m, 2H), 2.80 – 2.72 (m, 2H), 1.33 (m, 3H). 
13C NMR (75 MHz, CDCl3) : δ 153.2, 140.2, 135.0, 132.3, 122.5, 117.8, 
110.0, 95.1, 77.0, 61.7, 60.9, 23.8, 14.5. 
HRMS (ESI) [M+H]+ : Calculated for C13H15O3NCl = 268.07350, found 
268.07430. 
Ethyl (4-fluoro-2-(4-hydroxybut-1-yn-1-yl)phenyl)carbamate (4h). 
Yield  : 228 mg (91 %); brown oil. 
1H NMR (300 MHz, CDCl3) : δ 7.94 (s, 1H), 7.35 (s, 1H), 7.00 – 6.84(m, 2H), 
4.14 (q, J = 7.1 Hz, 2H), 3.77 (t, J = 6.2 Hz, 
2H), 2.66 (t, J = 6.2 Hz, 2H), 1.23 (t, J = 7.1 Hz, 
3H). 
13C NMR (101 MHz, CDCl3) : δ 157.6 (d, J = 242.1 Hz), 153.6(s), 135.7 (s), 
119.5 (s), 117.8 (d, J = 24.1 Hz), 116.2 (d, J = 
22.2 Hz), 113.2 (s), 95.1 (s), 76.8 (s), 61.5 (s), 
60.9 (s), 23.7 (s), 14.5 (s). 
19F NMR (471 MHz, CDCl3) : δ -120.58. 
HRMS (ESI) [M+H]+ : Calculated for C13H15O3NF = 252.10305, found 
252.10341. 
Ethyl (2-(4-hydroxybut-1-yn-1-yl)-4-nitrophenyl)carbamate (4i). 
Yield  : 261 mg (94 %); yellow solid. 
MP : 86-89 °C. 
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1H NMR (300 MHz, CDCl3) : δ 8.35 (d, J = 9.2 Hz, 1H), 8.23 (d, J = 2.5 Hz, 
1H), 8.15 (dd, J = 9.2, 2.5 Hz, 1H), 7.91 (s, 1H), 
4.29 (q, J = 7.1 Hz, 2H), 3.92 (t, J = 6.2 Hz, 
2H), 2.81 (t, J = 6.2 Hz, 2H), 1.36 (t, J = 7.1 Hz, 
3H). 
13C NMR (75 MHz, CDCl3) : δ 152.8, 144.9, 141.9, 127.1, 124.8, 116.9, 
112.0, 97.0, 75.7, 62.2, 60.7, 23.6, 14.5. 
HRMS (ESI) [M+H]+ : Calculated for C11H15O5N2 = 279.09514, found 
279.09370. 
Ethyl (2-(4-hydroxybut-1-yn-1-yl)-5-methoxyphenyl)carbamate (4j). 
Yield  : 210 mg (80 %); brown oil. 
1H NMR (500 MHz, CDCl3) : δ 7.80 (s, 1H), 7.50 (s, 1H), 7.25 (d, J = 8.6 Hz, 
1H), 6.52 (dd, J = 8.6, 2.6 Hz, 1H), 4.24 (q, J = 
7.1 Hz, 2H), 3.85 (t, J = 6.2 Hz, 2H), 3.82 (s, 
3H), 2.76 (t, J = 6.2 Hz, 2H), 1.34 (t, J = 7.1 Hz, 
3H). 
13C NMR (126 MHz, CDCl3) : δ 160.4, 153.4, 140.7, 132.5, 109.2, 103.3, 
102.8, 92.5, 77.6, 61.4, 61.2, 55.4, 23.9, 14.6. 
HRMS (ESI) [M+H]+ : Calculated for C14H18O4N = 264.12303, found 
264.12242. 
N-(2-(4-Hydroxybut-1-yn-1-yl)-4-methylphenyl)acetamide (4k). 
Yield  : 187 mg (86 %); brown oil. 
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1H NMR (500 MHz, CDCl3) : δ 8.22 – 8.11 (m, 2H), 7.16 (s, 1H), 7.07 (d, J = 
8.4 Hz, 1H), 3.84 (t, J = 5.9 Hz, 2H), 2.72 (t, J = 
5.9 Hz, 2H), 2.25 (s, 3H), 2.16 (s, 3H). 
13C NMR (126 MHz, CDCl3) : δ 169.0, 139.9, 132.1, 128.6, 124.4, 116.6, 
112.5, 98.8, 76.5, 60.9, 24.8, 24.0, 21.1. 
HRMS (ESI) [M+H]+ : Calculated for C13H16O2N = 218.11756, found 
218.11665. 
N-(2-(4-Hydroxybut-1-yn-1-yl)-5-methoxyphenyl)benzamide (4l). 
Yield  : 248 mg (84 %); brown solid. 
MP : 76-78 °C. 
1H NMR (400 MHz, CDCl3) : δ 8.88 (s, 1H), 8.28 (d, J = 2.6 Hz, 1H), 7.98 – 
7.92 (m, 2H), 7.60 – 7.47 (m, 3H), 7.32 (d, J = 
8.6 Hz, 1H), 6.62 (dd, J = 8.6, 2.6 Hz, 1H), 3.90 
– 3.83 (m, 5H), 2.79 (t, J = 6.2 Hz, 2H). 
13C NMR (75 MHz, CDCl3) : δ 165.4, 160.3, 140.5, 134.7, 132.4, 132.1, 
128.9, 127.1, 110.38, 104.7, 104.2, 93.4, 77.3, 
61.1, 55.6, 23.9. 
HRMS (ESI) [M+H]+ : Calculated for C18H18O3N = 296.12812, found 
296.12866. 
Typical procedure for the synthesis of 4-iodo-2,3-dihydrofuran derivatives (5a-5l) 
and their characterizing data. 
To a solution of the alkynols (1 mmol) in MeCN (4 mL) was added KOtBu or K2CO3 (3 
equiv.). Powdered iodine (3 equiv.) was added and the reaction was allowed to proceed 
under a nitrogen atmosphere at room temperature until completed (2 h). The reaction 
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mixture was diluted with ethyl acetate and washed with a saturated solution of Na2S2O3. 
The organic extract was dried over anhydrous Na2SO4 and concentrated under reduced 
pressure. The crude product obtained was purified by silica gel column chromatography 
using hexane-ethyl acetate mixture (80:20). 
Ethyl (2-(3-iodo-4,5-dihydrofuran-2-yl)phenyl)carbamate (5a). 
Yield  : 280 mg (78 %); light yellow oil. 
1H NMR (300 MHz, CDCl3) : δ 8.11 (d, J = 8.3 Hz, 1H), 7.64 (s, 1H), 7.53 
(dd, J = 7.7, 1.5 Hz, 1H), 7.41 – 7.32 (m, 1H), 
7.05 (dd, J = 7.7, 1.5 Hz, 1H), 4.53 (t, J = 9.8 
Hz, 2H), 4.21 (q, J = 6.8 Hz, 2H), 3.08 (t, J = 
9.8 Hz, 2H), 1.32 (t, J = 6.8 Hz, 3H). 
13C NMR (101 MHz, CDCl3) : δ 153.3, 152.5, 135.7, 129.8, 129.5, 121.3, 
118.8, 118.1, 69.1, 60.2, 58.4, 40.1, 13.6. 
HRMS (ESI) [M+H]+ : Calculated for C13H15O3NI = 360.00911, found 
360.01010. 
tert-Butyl (2-(3-iodo-4,5-dihydrofuran-2-yl)phenyl)carbamate (5b). 
Yield  : 329 mg (85 %); light yellow oil. 
1H NMR (500 MHz, CDCl3) : δ 8.11 (d, J = 8.2 Hz, 1H), 7.51 (dd, J = 7.7, 1.5 
Hz, 1H), 7.45 (s, 1H), 7.37 – 7.30 (m, 1H), 7.02 
(td, J = 7.6, 1.1 Hz, 1H), 4.53 (t, J = 9.5 Hz, 
2H), 3.08 (t, J = 9.5 Hz, 2H), 1.52 (s, 9H). 
13C NMR (75 MHz, CDCl3) : δ 154.4, 152.7, 137.1, 130.9, 130.4, 122.0, 
119.7, 118.9,80.5, 70.1, 59.3, 41.1, 28.4. 
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Elemental Analysis : Calculated for C15H19O3NI; C 46.51, H 4.65, N 
3.61; Found C 46.47, H 4.67, N 3.58. 
N-(2-(3-Iodo-4,5-dihydrofuran-2-yl)phenyl)acetamide (5d). 
Yield  : 270 mg (82 %); yellow oil. 
1H NMR (500 MHz, CDCl3) : δ 8.33 – 8.19 (m, 2H), 7.57 (dd, J = 7.7, 1.5 Hz, 
1H), 7.42 – 7.34 (m, 1H), 7.14 – 7.07 (m, 1H), 
4.55 (t, J = 9.5 Hz, 2H), 3.10 (t, J = 9.5 Hz, 2H), 
2.17 (s, 3H). 
13C NMR (101 MHz, CDCl3) : δ 168.1, 154.2, 136.4, 130.8, 130.5, 123.3, 
121.5, 119.7, 70.2, 59.6, 41.3, 25.2. 
HRMS (ESI) [M+H]+ : Calculated for C12H13O2NI = 329.99855, found 
329.99964. 
N-(2-(3-Iodo-4,5-dihydrofuran-2-yl)phenyl)benzamide (5e). 
Yield  : 309 mg (79 %); colourless solid. 
MP : 118-121 °C. 
1H NMR (500 MHz, CDCl3) : δ 9.29 (s, 1H), 8.50 (d, J = 8.3 Hz, 1H), 7.90 – 
7.85 (m, 2H), 7.66 (dd, J = 7.7, 1.5 Hz, 1H), 
7.58 – 7.53 (m, 1H), 7.52 – 7.47 (m, 2H), 7.47 – 
7.41 (m, 1H), 7.15 (td, J = 7.6, 1.0 Hz, 1H), 4.57 
(t, J = 9.5 Hz, 2H), 3.10 (t, J = 9.5 Hz, 2H). 
13C NMR (126 MHz, CDCl3) : δ 165.0, 154.0, 136.8, 135.3, 131.9, 131.0, 
130.6, 128.9, 127.0, 123.4, 121.4, 119.8, 70.3, 
59.8, 41.3. 
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HRMS (ESI) [M+H]+ : Calculated for C17H15O2NI = 392.01420, found 
392.01607. 
Ethyl (4-chloro-2-(3-iodo-4,5-dihydrofuran-2-yl)phenyl)carbamate (5f). 
Yield  : 252 mg (64 %); light yellow oil. 
1H NMR (300 MHz, CDCl3) : δ 8.11 (d, J = 9.0 Hz, 1H), 7.62 (s, 1H), 7.54 (d, 
J = 2.9 Hz, 1H), 7.33 (dd, J = 9.0, 2.3 Hz, 1H), 
4.57 (t, J = 9.5 Hz, 2H), 4.24 (q, J = 7.1 Hz, 
2H), 3.11 (t, J = 9.5 Hz, 2H), 1.37 – 1.27 (m, 
3H). 
13C NMR (126 MHz, CDCl3) : δ 153.4, 153.0, 135.4, 130.5, 130.3, 121.1, 
115.9, 114.1, 70.3, 61.4, 60.5, 41.2, 14.6. 
HRMS (ESI) [M+H]+ : Calculated for C13H14O3NClI = 393.97014, 
found 393.97186. 
Ethyl (5-chloro-2-(3-iodo-4,5-dihydrofuran-2-yl)phenyl)carbamate (5g). 
Yield  : 279 mg (71 %); colourless solid. 
MP : 91-94 °C. 
1H NMR (500 MHz, CDCl3) : δ 8.15 (s, 1H), 7.67 – 7.61 (m, 1H), 7.40 (d, J = 
8.3 Hz, 1H), 6.97 – 6.94 (m, 1H), 4.47 (t, J = 9.5 
Hz, 2H), 4.15 (q, J = 7.1 Hz, 2H), 3.00 (t, J = 
9.5 Hz, 2H), 1.25 (d, J = 7.1 Hz, 3H). 
13C NMR (101 MHz, CDCl3) : δ 153.4, 153.2, 137.9, 136.4, 131.8, 122.4, 
119.7, 117.2, 70.2, 61.5, 60.0, 41.1, 14.6. 
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HRMS (ESI) [M+H]+ : Calculated for C13H14O3NClI = 393.97014, 
found 393.97181. 
Ethyl (4-fluoro-2-(3-iodo-4,5-dihydrofuran-2-yl)phenyl)carbamate (5h). 
Yield  : 215 mg (57 %); light yellow oil. 
1H NMR (500 MHz, CDCl3) : δ 8.06 (s, 1H), 7.55 (s, 1H), 7.29 – 7.25 (m, 1H), 
7.10 – 7.04 (m, 1H), 4.55 (t, J = 9.5 Hz, 2H), 
4.21 (q, J = 7.1 Hz, 2H), 3.09 (t, J = 9.5 Hz, 
2H), 1.32 (d, J = 7.1 Hz, 3H). 
13C NMR (101 MHz, CDCl3) : δ 157.6 (d, J = 242.3 Hz), 153.6 (s), 153.1 (s), 
132.9 (s), 121.8 (s), 121.0 (s), 117.4 (d, J = 20.3 
Hz), 117.1 (d, J = 18.0 Hz), 70.3 (s), 61.3 (s), 
60.2 (s), 41.2 (s), 14.6 (s). 
19F NMR (471 MHz, CDCl3) : δ -120.17 
HRMS (ESI) [M+H]+ : Calculated for C13H14O3NFI = 377.99969, found 
378.00150. 
Ethyl (2-(3-iodo-4,5-dihydrofuran-2-yl)-4-nitrophenyl)carbamate (5i). 
Yield  : 271 mg (67 %); bright yellow solid. 
MP : 116-118 °C. 
1H NMR (500 MHz, CDCl3) : δ 8.50 (d, J = 2.6 Hz, 1H), 8.41 (d, J = 9.3 Hz, 
1H), 8.23 (dd, J = 9.3, 2.7 Hz, 1H), 8.04 (s, 1H), 
4.61 (t, J = 9.6 Hz, 2H), 4.26 (q, J = 7.1 Hz, 
2H), 3.14 (t, J = 9.6 Hz, 2H), 1.35 (t, J = 7.1 Hz, 
3H). 
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13C NMR (75 MHz, CDCl3) : δ 152.8, 152.0, 142.7, 141.8, 126.9, 125.8, 
120.0, 118.9, 70.6, 62.0, 41.1, 29.7, 14.5. 
HRMS (ESI) [M+H]+ : Calculated for C13H14O5N2I = 404.99419, found 
404.99615. 
N-(2-(3-iodo-4,5-dihydrofuran-2-yl)-4-methylphenyl)acetamide (5k). 
Yield  : 295 mg (86 %); yellow solid. 
MP : 124-127 °C. 
1H NMR (400 MHz, CDCl3) : δ 8.21 – 8.05 (m, 2H), 7.36 (d, J = 1.4 Hz, 1H), 
7.18 (d, J = 8.5 Hz, 1H), 4.53 (t, J = 9.5 Hz, 
2H), 3.09 (t, J = 9.5 Hz, 2H), 2.32 (s, 3H), 2.15 
(s, 3H). 
13C NMR (101 MHz, CDCl3) : δ 169.3, 154.3, 139.6, 136.5, 133.0, 131.1, 
121.6, 119.7, 70.1, 60.5, 41.3, 25.1, 20.7. 
HRMS (ESI) [M+H]+ : Calculated for C13H15O2NI = 344.01420, found 
344.01410. 
N-(2-(3-Iodo-4,5-dihydrofuran-2-yl)-5-methoxyphenyl)benzamide (5l). 
HRMS (ESI) [M+H]+ : Calculated for C18H17O3N = 422.02476, found 
422.02638. 
Synthesis of (E)-methyl 3-(2-(2 ((ethoxycarbonyl)amino)phenyl)-4,5-dihydrofuran-
3-yl)acrylate (6a) from ethyl (2-(4-hydroxybut-1-yn-1-yl)phenyl)carbamate (4a): 
To a solution of ethyl (2-(4-hydroxybut-1-yn-1-yl)phenyl) carbamate (4a) (1 mmol) in 
DMF (3 mL) was added methyl acrylate (2 mmol), Et3N (3 equiv.) and PdCl2(PPh3)2 
(10 mol%) and the mixture was stirred under a nitrogen atmosphere at 80 °C for 48 h. 
The reaction mixture was then diluted with ethyl acetate and washed sequentially with 
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brine solution and water. The organic extract was dried over anhydrous Na2SO4 and 
concentrated under reduced pressure. The crude product obtained was purified by silica 
gel column chromatography using hexane-ethyl acetate mixture (70:30). 
Synthesis of (E)-ethyl (2-(3-(3-oxobut-1-en-1-yl)-4,5-dihydrofuran-2-
yl)phenyl)carbamate (6a) from ethyl (2-(3-iodo-4,5-dihydrofuran-2-
yl)phenyl)carbamate (5a): To a solution of ethyl (2-(3-iodo-4,5-dihydrofuran-2-
yl)phenyl)carbamate (1 mmol) and methyl acrylate (2 mmol) in DMF (5 mL) was added 
Et3N (3 mmol) and PdCl2(PPh3)2 (5 mol%) and the mixture was stirred under a nitrogen 
atmosphere at 80°C until the reaction was complete (approx. 4 h). The reaction mixture 
was diluted with ethyl acetate and washed with brine solution then with water. The 
organic extract was dried over anhydrous Na2SO4 and concentrated under reduced 
pressure. The crude product obtained was then purified by silica gel column 
chromatography using a hexane-ethyl acetate mixture (80:20). 
(E)-Methyl-3-(2-(2-((ethoxycarbonyl)amino)phenyl)-4,5-dihydrofuran-3-
yl)acrylate (6a). 
Yield  : 254 mg (80 %); light brown solid. 
MP : 93-97 °C. 
1H NMR (300 MHz, CDCl3) : δ 8.15 (d, J = 8.4 Hz, 1H), 7.67 (s, 1H), 7.54 – 
7.38 (m, 2H), 7.33 – 7.26 (m, 1H), 7.11 (t, J = 
7.5 Hz,1H), 5.65 (d, J = 15.4 Hz, 1H), 4.68 (t, J 
= 9.5 Hz, 2H), 4.21 (q, J = 7.1 Hz, 2H), 3.72 (s, 
3H), 3.00 (t, J = 9.5 Hz, 2H), 1.31 (t, J = 7.1 Hz, 
3H). 
13C NMR (101 MHz, CDCl3) : δ 167.8, 159.3, 153.5, 137.9, 137.0, 131.1, 
130.8, 122.9, 120.2, 118.5, 115.2, 112.9, 70.6, 
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61.3, 51.5, 30.1, 14.6. 
HRMS (ESI) [M+Na]+ : Calculated for C17H19O5NNa = 340.11554, 
found 340.11575. 
Synthesis of tert-butyl (2-(3-(4-hydroxybut-1-yn-1-yl)-4,5-dihydrofuran-2-
yl)phenyl)carbamate (7b) from tert-butyl (2-(3-iodo-4,5-dihydrofuran-2-
yl)phenyl)carbamate (5b). 
To a solution of tert-butyl (2-(3-iodo-4,5-dihydrofuran-2-yl)phenyl)carbamate (1 mmol) 
in DMF (3vmL) was added 3-butyn-1-ol (1.2 mmol) and triethylamine (3 mmol). 
PdCl2(PPh3)2 (2 mol%) and CuI (1 mol%) The mixture was stirred under nitrogen 
atmosphere at room temperature untill the reaction was complete (approx. 6 h). The 
reaction mixture was diluted with ethyl acetate and washed with brine solution followed 
by water. The organic extract was dried over anhydrous Na2SO4 and concentrated under 
reduced pressure. The crude product obtained was purified silica gel column 
chromatography using hexane-ethyl acetate mixture (50:50). 
tert-Butyl(2-(3-(4-hydroxybut-1-yn-1-yl)-4,5-dihydrofuran-2-yl)phenyl)carbamate 
(7b). 
Yield  : 299 mg (91 %); orange oil. 
1H NMR (400 MHz, CDCl3) : δ 8.09 (d, J = 8.2 Hz, 1H), 7.94 (s, 1H), 7.74 
(dd, J = 7.8, 1.5 Hz, 1H), 7.36 – 7.29 (m, 1H), 
7.01 (td, J = 7.7, 1.0 Hz, 1H), 4.55 (t, J = 9.5 
Hz, 2H), 3.71 (t, J = 6.2 Hz, 2H), 2.96 (t, J = 9.5 
Hz, 2H), 2.61 (t, J = 6.2 Hz, 2H), 1.52 (s, 9H). 
13C NMR (75 MHz, CDCl3) : δ 157.8, 152.8, 136.6, 130.2, 129.4, 122.1, 
120.2, 119.1, 95.1, 91.8, 80.4, 77.3, 69.9, 61.1, 
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34.3, 28.4, 24.3. 
HRMS (ESI) [M+H]+ : Calculated for C19H24O4N = 330.16998, found 
330.16943. 
Synthesis of N-(2-(3-phenyl-4,5dihydrofuran-2-yl)phenyl)acetamide (8d) from N-
(2-(3-iodo-4,5-dihydrofuran-2-yl)phenyl)acetamide (5d). 
To a solution of N-(2-(3-iodo-4,5-dihydrofuran-2-yl)phenyl)acetamide (1 mmol) and 
phenyl boronic acid (1.2 mmol) in 4:1 DMF:H2O (3 mL) was added Et3N (3 mmol) and 
PdCl2(PPh3)2 (5 mol%) under nitrogen atmosphere. The mixture was stirred at 80°C 
untill the reaction was complete. The reaction mixture was diluted with ethyl acetate 
and washed sequentially with brine solution and water. The organic extract was dried 
over anhydrous Na2SO4 and concentrated under reduced pressure. The crude product 
obtained was purified by silica gel column chromatography using hexane-ethyl acetate 
mixture (60:40). 
N-(2-(3-phenyl-4,5-dihydrofuran-2-yl)phenyl) acetamide (8d). 
Yield  : 237 mg (85 %); brown oil. 
1H NMR (500 MHz, CDCl3) : δ 8.44 (s, 1H), 7.41 (d, J = 7.4 Hz, 1H), 7.31 – 
7.27 (m, 1H), 7.24 (dd, J = 7.4, 1.0 Hz, 1H), 
5.04 (t, J = 8.5 Hz, 2H), 3.47 (t, J = 8.5 Hz, 2H), 
2.51 (s, 3H). 
13C NMR (101 MHz, CDCl3) : δ 168.2, 149.1, 139.0, 131.2, 125.0, 124.5, 
123.7, 118.4, 116.8, 60.4, 30.7, 24.6. 
HRMS (ESI) [M+H]+ : Calculated for C18H18O2N = 280.13321, found 
280.13388. 
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Synthesis of 1-(2H-furo[3,2-b]indol-4(3H)-yl)ethanone (9d) from N-(2-(3-iodo-4,5-
dihydrofuran-2-yl)phenyl)acetamide (5d). 
 To a solution of N-(2-(3-iodo-4,5-dihydrofuran-2-yl)phenyl)acetamide (1 mmol) in 
toluene (2 mL) was added CuI (10 mol%), K3PO4 (2 mmol), N,N-
dimethylethylenediamine (20 mol%) and stirred under a nitrogen atmosphere at 80 oC 
until the reaction was complete (approx. 6 h). The reaction mixture was diluted with 
ethyl acetate and washed with brine solution then with water. The organic extract was 
dried over anhydrous Na2SO4 and concentrated under reduced pressure. The crude 
product obtained was purified by silica gel column chromatography, using hexane-ethyl 
acetate mixture (50:50). 
1-(2H-furo[3,2-b]indol-4(3H)-yl)ethanone (9d). 
Yield  : 131 mg (65 %); colourless solid. 
MP : 80-82 °C. 
1H NMR (500 MHz, CDCl3) : δ 8.44 (s, 1H), 7.41 (d, J = 7.4 Hz, 1H), 7.31 – 
7.27 (m, 1H), 7.24 (dd, J = 7.4, 1.0 Hz, 1H), 
5.04 (t, J = 8.5 Hz, 2H), 3.47 (t, J = 8.5 Hz, 2H), 
2.51 (s, 3H). 
13C NMR (101 MHz, CDCl3) : δ 168.2, 149.1, 139.0, 131.2, 125.0, 124.5, 
123.7, 118.4, 116.8, 60.4, 30.7, 24.6. 
HRMS (ESI) [M+H]+ : Calculated for C12H12O2N = 202.08626, found 
202.08686. 
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Appendix 1. NMR spectra of compounds 4a to 4l 
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1H and 13C NMR spectra of 4a 
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1H and 13C NMR spectra of 4b 
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1H and 13C NMR spectra of 4c 
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1H and 13C NMR spectra of 4d 
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1H and 13C NMR spectra of 4e 
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1H and 13C NMR spectra of 4f 
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1H and 13C NMR spectra of 4g 
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1H and 13C NMR spectra of 4h 
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19F NMR spectra of 4h 
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1H and 13C NMR spectra of 4i 
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1H and 13C NMR spectra of 4j 
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1H and 13C NMR spectra of 4k 
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1H and 13C NMR spectra of 4l 
 
 
 109 
 
 
 
 
 
 
 
 
 
 
Appendix 2 . NMR spectra of compounds 5a to 5k 
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1H and 13C NMR spectra of 5a 
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1H and 13C NMR spectra of 5b 
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1H and 13C NMR spectra of 5d 
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1H and 13C NMR spectra of 5e 
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1H and 13C NMR spectra of 5f 
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1H and 13C NMR spectra of 5g 
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1H and 13C NMR spectra of 5h 
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19F NMR spectra of 5h 
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1H and 13C NMR spectra of 5i 
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1H and 13C NMR spectra of 5k 
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Appendix 3. NMR spectra of compounds 6a, 7b, 8d and 9d 
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1H and 13C NMR spectra of 6a 
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1H and 13C NMR spectra of 7b 
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1H and 13C NMR spectra of 8d 
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1H and 13C NMR spectra of 9d 
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Appendix 4. Crystal data of compounds 5e and 6a 
 
 
 
 
 
 
 
 
 
 
 
 
Crystal data of 5e 
Formula C17H14INO2 
Space group Pbca 
Cell lengths (Å) a 13.7811(12) b 13.3475(11) c 16.9711(15) 
Cell angles  90  90  90 
Cell Volume (Å) 3121.72 
Z, Z' Z: 8 Z': 0 
R-factor (%) 4.62 
Temperature (K) Room Temp.(283-303) 
Density (g/mm3) 1.665 
CCDC number 1405059 
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These crystal data can also obtained free of charge at www.ccdc.cam.ac.uk/conts/retrieving.html 
[or from the Cambridge Crystallographic Data Centre (CCDC), 12 Union Road, Cambridge 
CB2 1EZ, UK; fax: +44(0) 1223 336 033; email: deposit@ccdc.cam.ac.uk]. 
 
 
 
 
 
 
 
 
 
 
Crystal data of 6a 
Formula C17H19NO5 
Space group P 21/n 
Cell lengths (Å) a 13.6571(12) b 7.7611(7) c 14.9680(14) 
Cell angles  90  91.630(2)  90 
Cell Volume (Å) 1585.88 
Z, Z' Z: 4 Z': 0 
R-factor (%) 9.75 
Temperature (K) Room Temp.(283-303) 
Density (g/mm3) 1.329 
CCDC number 1051824 
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3.1 Chapter outline 
As the efforts to synthesize iodo-dihydrofuran molecules regioselectively, mediated by 
molecular iodine (I2) were successful (Chapter II), during the course of the study an 
unusual reactivity of aminoalkynols was discovered when reacted with Iodine 
monochloride (ICl), giving rise to a different product. The product was isolated, 
analysed and identified to be an α-iodoketone, which belongs to the class of α-
haloketone compounds. They are the class of carbonyl compounds having a halogen 
atom at the α-position to the carbonyl carbon. Since such differential chemistry of a 
same substrate towards a similar iodonium ion (I+) (electrophile) source and generating 
two different class of molecules is rare, the reaction was explored in detail and forms 
the basis of this chapter, dealing with the synthesis of various substituted α-iodoketones 
obtained by the reaction of aminoalkynols with ICl and highlights its drastic change in 
reactivity towards I2 and ICl. This chapter begins with a brief introduction to α-
haloketones, briefing various methods available to synthesize them, their reactivity and 
precedes the results and discussion section. 
3.2 Introduction 
The α-halocarbonyl compounds are one of the major classes of organic molecules used 
as a building block for many other variety of molecules in organic and other related 
fields of chemistry. 1,1-dichloroacetone is known to be one of the earliest α-
halocarbonyl compound.1 
α-Haloaldehydes, α-haloketones, α-haloesters, α-haloacids and α-haloamides constitute 
different kinds of α-halocarbonyl compounds (Figure 3.1). Their nitrogen analogue, α-
haloimines are also very similar in terms of reactivity compared to their oxygen 
counterparts. 
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Figure 3.1 : α-Halocarbonyl compounds. 
3.2.1 Synthesis of α-haloketones 
α-Haloketones can be synthesized in numerous ways involving various kinds of starting 
substrates along with a halogenating reagent. The following sections highlights a 
number of methodologies for the synthesis of different types of α-haloketones from 
various substrates. 
3.2.1.1 α-Fluoroketone 
α-Fluoroketones can be obtained conventionally by the direct fluorination of ketones.2,3 
However this method often leads to the generation of unwanted side products including 
polyfluorinated ketones and degradation products. Other fluorinating agents such as 
perchlorylfluoride (FClO3) are better and won’t produce much side products. They are 
usually employed to fluorinate enol ethers, enol esters and enamines.4-7 These 
compounds with subsequent hydrolysis give α-fluorinated compounds. Another 
powerful method to synthesize α-fluoroketones is by using trifluoromethyl hypofluorite 
(CF3OF) at close to liquid nitrogen temperature. Such reagents are generally employed 
for the synthesis of enol acetates and silyl enol ethers.8,9 A schematic representation of 
the synthetic routes to α-fluoroketones is shown in Scheme 3.1. 
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Scheme 3.1 : Routes for the synthesis of α-fluoroketones. 
Halogen exchange reactions of chloro/bromoketones are also used to produce α-
fluoroketones and the common fluorine reagent used for this purpose is potassium 
fluoride10,11 (KF) or potassium hydrogen fluoride (KHF2).
12 Mercuric fluoride (HgF2) is 
another excellent option for such halogen exchange reactions.13,14 Other starting 
materials like diazoketones and epoxides by  hydrofluoric acid treatment are converted 
to fluoroketones.15,16 
3.2.1.2 α-Chloroketone 
Various ketones can be converted to α-chloroketones by direct chlorination, but similar 
to fluorination, this method forms polychlorinated molecules.17-21 Enamines via direct 
chlorination provide good selectivity to produce chloroketones in good yield. The 
reaction is usually performed at liquid nitrogen temperature in the absence of air and 
moisture.22,23 
Sulfonyl chloride (SO2Cl2)
24-26 and selenium oxychloride (SeOCl2)
27 also act as good 
sources of chlorine. However, using more than a mole of these reagents results in a 
mixture of chlorinated products.  
Hypochlorites are used on ketones to synthesize trichloroketones.28 This reaction also 
forms the basis of the haloform reaction. It should be noted that N-chlorosuccinimide 
(NCS) is not considered a good reagent for the conversion of ketones, as the reaction 
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rate is too slow and often produces a mixture of products,29 but it acts as an excellent 
source of chlorine for the conversion of enamines and ketimines.30-32 
Cupric and ferric chlorides (CuCl2 and FeCl3) are employed for the conversion of 
ketones33-35 and silyl enol ethers to α-chloroketones36 via a process involving radical 
intermediates. Solvents have been seen to play a major role in such reactions, with DMF 
and MeCN known to be the most effective solvents for use with CuCl2 and FeCl3, 
respectively.  
Other than those general reagents mentioned above for producing α-chloroketones from 
variety of ketones and their nitrogen analogues, there are few others which are substrate 
specific. Some examples include phenylchloroiodinium chloride,37 pyridine 
hydrochloride perchloride,38 CCl4-KOH
39,40 and hexachloroacetone.41 Electrolysis 
methods have also been used in some cases using halide salts as a chlorine source.42  
Other than ketones many other starting materials are used to make α-chloroketones 
using different reagents. Substrates such as alcohols and phenols along with molecular 
chlorine or thionyl chloride are converted to α-chloroketones,43-47 trichlorosilylethers 
with butyl lithium48 and diazoketones with HCl or Cl2
49,50 mediated decomposition 
produce α-chloroketones, chloroepoxides with base/acid/heat treatment also generate α-
chloroketones,51 Alkenes and alkynes by treatment with nitrosyl chloride (NOCl) and 
chromyl chloride (CrO2Cl2) gets oxidized to α-chloroketones.52,53 A schematic 
representation of the synthetic routes to α-chloroketones is shown in Scheme 3.2. 
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Scheme 3.2 : Routes for the synthesis of α-chloroketones. 
3.2.1.3 α-Bromoketones 
As with the direct fluorination and chlorination methods, the direct bromination of 
ketones with molecular bromine also furnishes the α-bromoketones product along with 
multibrominated side products.54-57 Unlike in the case of the fluorination or chlorination 
of ketones the reaction with molecular bromine is reversible, and thereby the α-
bromoketones can react with liberated hydrogen bromide (HBr) and return to the 
starting materials unless HBr is removed from the reaction medium. Better results can 
be obtained when the reaction is performed in an aqueous solution in the presence of 
potassium chlorate (KClO3).
58 
Bromine in CCl4 at -20°C offers an excellent regiospecific method for the bromination 
of trimethysilyl enol ethers, which on subsequent hydrolysis gives bromoketones.59 
Bromine also acts as excellent reagent for generating monobrominated ketones from 
enol acetates and enamines.60 The drawbacks of the direct bromination method for 
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ketones as mentioned above can be overcome by using N-bromosuccinimide (NBS), as 
no side products like HBr or molecular bromine are generated in the reaction medium. 
However, this method is often very slow and sometimes no bromination occurs.61-64  
Other reagents which offer the selective conversion of certain ketones are copper (II) 
bromide (CuBr2) (A),
65,66 pyridinium hydrobromide perbromide (B),67 tetrazolium 
perbromide (C)68 and phenyl trimethyl ammonium perbromide(D).69 
Similarly, as mentioned earlier (Section 3.1.1.1 and 3.1.1.2), substrates like 
diazoketones via HBr or Br2 mediated decomposition leads to α-bromoketones.50,70 
Methods used for the conversion of epoxides to chloroketones can also be used for 
bromination reactions. Some exclusive methods for bromination of epoxide include 
photocatalytic bromination in CCl4 involving a radical process giving exclusively 
giving the monobrominated product.71 A schematic representation of the synthetic 
routes to α-bromoketones is shown in Scheme 3.3. 
 
Scheme 3.3 : Routes for the synthesis of α-bromoketones. 
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3.2.1.4 α-Iodoketones 
α-Iodoketones are commonly synthesized by the treatment of ketones with iodine along 
with a strong base72 or by a halogen exchange reaction of chloro- and bromoketones 
using inorganic halides.73-76 N-iodosuccinimide also offers a good method for the 
synthesis of iodoketones from ketones and enol acetates.77 While these methods have 
been successfully employed for the synthesis of α-iodoketones, however;  they are 
known to suffer from various disadvantages including condensation reactions and 
decomposition of the products.  
To overcome such drawbacks, metal salts are usually used along with molecular iodine 
for the synthesis of iodoketones. Examples of this include thallium acetate along with I2 
which has been used for the conversion of enol acetates,78 silver salts like Ag2CrO4 and 
AgNO3 are used to convert alkenes and alkynes in the presence of I2
79,80 and a good 
conversion of enol silyl ethers can be obtained by Ag(OAc)-I2 treatment followed by 
triethyl ammonium fluoride.81 A schematic representation of the synthetic routes to α-
iodoketones is shown in Scheme 3.4. 
 
 
Scheme 3.4 : Routes for the synthesis of α-iodoketones. 
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As is evident from the above discussion, the number of methodologies available for the 
synthesis of α-iodoketones are comparatively few and not as thoroughly explored as the 
synthesis of α-chloroketones and α-bromoketones. However, a survey of the recent 
literature reveals better methodologies in terms of reaction conditions, selectivity and 
product yield for the synthesis of α-iodoketones from a variety of substrates, as are 
outlined below. 
A very common approach for the synthesis α-iodoketones is the oxidative iodination of 
ketones (Scheme 3.5). This method generally uses an oxidant which helps in generating 
the reactive iodonium species, which in turn reacts with the ketone to give the α-
iodoketone. Different kinds of oxidants and iodine sources have been utilized for this 
purpose. Oxidants like hydrogen peroxide (H2O2),
82 Oxone (Potassium 
peroxymonosulfate, 2KHSO5·KHSO4·K₂SO4),83 inorganic oxides such as copper oxide 
(CuO)84-85 and selenium oxide (SeO2),
86 and organic oxidants including m-
iodosylbenzoic acid,87 p-toluenesulphonic acid (PTSA)88 and Selectfluor compounds89 
have been employed. Alongside these oxidants a range of iodine sources such as 
molecular iodine (I2), N-iodosuccinimide (NIS), sodium iodide (NaI) and ammonium 
iodide (NH4I) are used for α-iodoketone synthesis. 
 
Scheme 3.5 : Oxidative iodination of ketones to α-iodoketones. 
There have been few reports for the iodination of olefins to α-iodoketones (Scheme 3.6). 
These methods also involve an oxidant such as 2-iodoxybenzoic acid (IBX) alongside 
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an iodine source like I2
90 and NIS91 in a solvent such as water and DMSO at room 
temperature. 
 
Scheme 3.6 : Conversion of olefins to α-iodoketones. 
Apart from these starting substrates secondary alcohols have also been investigated for 
the synthesis of α-iodoketones. An oxidant IOH which is generated in situ by the 
reaction of NaI and H2O2, acts as active species in oxidizing the alcohol group and HI, 
the other by-product of this reaction acts as the iodine source (Scheme 3.7).82 
 
Scheme 3.7 : Conversion of secondary alcohols to α-iodoketones. 
Lastly, it can be noticed that the use of alkynes has not been thoroughly explored for the 
synthesis of α-haloketones. In the few instances where they have been used, metal salts 
are used as catalyst (Scheme 3.4). Recent literature reveals that haloalkynes are being 
used extensively to make α-haloketones (Scheme 3.8). These reactions usually involve a 
metal catalyst which helps in the activation of the triple bond towards nucleophilic 
attack. Water is used as the source of the hydroxyl group and these reactions are either 
performed at room temperature or at high temperatures up to 80°C. Though many 
examples reported for the synthesis of α-haloketones are from bromo- and 
chloroalkynes,92,93 very few examples for the synthesis of α-iodoketones from 
iodoalkynes exist.94 
 
Scheme 3.8 : Hydration of haloalkynes to α-haloketones. 
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3.2.2 Reactivity of α-haloketones 
α-Haloketones are a class of very versatile molecules in terms of their reactivity in 
organic synthesis. This versatility arises from the various reactive sites present in the 
molecule, which can be as high as six different electrophilic sites (depending on the 
length of the molecule). A nucleophile can attack any of these electrophilic sites 
according to the applied reaction conditions. 
 
Figure 3.2 : Reactive sites in α-haloketones. 
As is seen in Figure 3.2, the nucleophile can attack the carbonyl carbon (1), the carbon 
bonded to the halogen atom (2) or the halogen atom (3) itself by nucleophilic 
substitution. Due to the electron withdrawing effect of the two groups (carbonyl and 
halogen atom) adjacent to the α, α’ (4 and 5) and β hydrogen (6) atoms, makes these 
protons quite acidic and hence, can react with nucleophiles or bases. 
Apart from the nucleophilic reactions, the α-haloketones can undergo other reactions 
including reduction, elimination or nucleophilic addition followed by intramolecular 
substitution, giving rise to epoxide which can break open following the attack of a 
nucleophile. They can also undergo Favorskii rearrangement via a cyclopropanone 
intermediate. 
A summary of various reaction pathways of the α-haloketones can be seen in Scheme 
3.9. 
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Scheme 3.9 : Reactivity of α-haloketones. 
The application of α-haloketones as synthetic intermediates in organic chemistry and 
other related fields of chemistry is enormous owing to its reactivity and versatility as 
discussed above. Nitrogen, oxygen, sulphur and carbon nucleophiles both from 
inorganic and organic origins can be reacted with haloketones. They can undergo 
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electrophilic reactions, rearrangement reactions, electrochemical reactions and even 
photochemical reactions. Haloketones are also often used to generate various 
heterocycles via the nucleophilic substitution of the halogen atom, with the subsequent 
condensation of the ketone functionality cyclizing the molecule and giving a particular 
heterocyclic molecule. The literature for α-haloketone reactions is immense and are 
very well summarized in a book written by Norbert De Kimpe and Roland Verhe,95 
while the review article by Ayman W. Erian et al.96 summarizes the recent literature 
regarding the reactivity of α-haloketones. 
3.3 Present study 
As was discussed in Section 3.1.1, a wide range of approaches are employed for the 
synthesis of α-bromo- and α-chloroketones compared to the methods available to 
synthesize α-iodoketones. This number becomes even fewer when considering the 
synthesis of iodoketones from alkynes. Among the reported methods, haloalkynes are 
the most commonly used substrates, where the halogen atom is already present in the 
substrate and the conversion is brought about by the hydration of these haloalkynes via 
activation by metal ions. The conversion of alkynes without halogen pre-substitution is 
seldom reported. Even though a few methods exist (as were outlined in section 3.1.1), 
they often give multihalogenated products which are undesirable. From a general 
perspective, such reaction of alkynes to α-haloketones requires the alkyne to be 
activated by an electron deficient species (an electrophile). This electrophile is often a 
metal ion which activates the triple bond with comparative ease. In the continuation of 
the previous electrophilic cyclization work,97 a rare conversion of alkynes to α-
iodoketones via the iodonium ion (I+) mediated activation of the alkyne when ICl was 
used as the electrophilic source was discovered. The reaction was investigated in detail 
and the results are discussed in the following sections. 
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3.3.1 Results and discussion 
The product obtained from the unusual reaction of the aminoalkynols 1a with ICl, 
mentioned in the previous Section 3.2, was isolated and analysed for the molecular 
structure by 1H NMR (Figure 3.3) and 13C NMR spectroscopy (Figure 3.4). Also, a 
single crystal of the compound was grown for the analysis by XRD and the structure of 
the product was confirmed (Figure 3.5). The molecule was found out to be an α-
iodoketone. 
 
 
Scheme 3.10 : Comparison of reactivity of aminoalkynol 1a with I2 and ICl. 
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Figure 3.3 : 1H NMR spectra of  α-iodoketone 2a. 
 
Figure 3.4 : 13C NMR  spectra of α-iodoketone 2a. 
 142 
 
 
 
 
 
 
 
 
 
 
Figure 3.5 : Crystal structure of α-iodoketone 2a. 
(crystal data is provided in the appendix 5 at the end of the chapter) 
 
This finding was surprising, demonstrating the drastic change in reactivity of the 
aminoalkynols towards ICl compared to that of I2, especially as both are iodonium ion 
(I+) sources. Scheme 3.10 compares and highlights the reactivity of aminoalkynols. 
Also, this was a peculiar reaction of iodine monochloride, as it usually provides the 
iodocyclized product or the addition product (addition of I+ and Cl-) across the triple 
bond.98,99 However neither of these products were observed, with only the iodinated 
ketone present and also the reaction was regioselective. To the best knowledge of the 
author, this is the first report concerning the conversion of alkynes to α-iodoketones 
using ICl. 
After discovering the reaction of ICl with aminoalkynols, the reaction conditions were 
optimized by varying the solvent, base and temperature to maximize yield of the 
product. The reactions are summarized in Table 3.1 and discussed in the following 
paragraph. 
 
 
C9
C8
O2
C7
O1
O3
O4
C13
C12
C11
C10
C1
C2
C3
C4C5
C6
N1
I1
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Table 3.1 : Optimization of the reaction of aminoalkynol with iodine monochloridea. 
aReaction conditions: Alkynol 1a (0.08 mmol), base (3 equiv.), ICl (3 equiv.), solvent (2 mL) at 
the mentioned temperature for 30 min under N2. bIsolated yields. cAn inseparable mixture.  
 
Initially the aminoalkynol was tested with potassium carbonate (K2CO3) (3 equiv.) as a 
base and ICl (3 equiv.) in acetonitrile (MeCN) solvent at room temperature (r.t.), and 
the reaction was found to be complete in under 30 minutes. The product (2a) was 
isolated and the yield obtained was 62% (Entry 1). When the base was changed to Na-
2CO3, a slight increase in the product yield to 65% was observed (Entry 2). The yield 
further increased to 71% when the solvent was changed to THF (Entry 3). When 
NaHCO3 was used as a base, an inseparable mixture was formed (Entries 4 and 6). A 
good yield of 76% of α-iodoketone product was observed when aminoalkynol was 
reacted with ICl (3 equiv.) and Na2CO3 (3 equiv.) in THF at 0°C (Entry 5). These 
conditions were set as the optimized reaction conditions for further exploration. 
Various substituted aminoalkynols with different amine protective groups and different 
substitutions on the aromatic ring were prepared using methods reported in the previous 
study (Chapter II) and subjected to the optimized reaction conditions to test the 
Entry Reactant Solvent Temp. (°C) Base 
Yield of 2a 
(%)b 
1 1a MeCN r.t. K2CO3 62 
2 1a MeCN r.t. Na2CO3 65 
3 1a THF r.t. Na2CO3 71 
4 1a THF r.t. NaHCO3 -
c 
5 1a THF 0  Na2CO3 76 
6 1a DCM 0  NaHCO3 -
c 
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applicability of the reaction for α-iodoketone synthesis. The results are summarized in 
Table 3.2. 
Table 3.2 : Scope of α-iodoketone synthesis from substituted aminoalkynols.a 
 
 
Entry Reactant 
I+ 
source 
Base/ 
Solvent/ 
Temp. 
Product 
Yield 
(%)b 
1 
1a 
 
I2 
K2CO3/ 
MeCN/ 
r.t. 
 
47 
2 
1a 
 
I2 
KO-tBu/ 
MeCN/ 
r.t. 
 
78 
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Entry Reactant 
I+ 
source 
Base/ 
Solvent/ 
Temp. 
Product 
Yield 
(%)b 
3 
1a 
 
ICl 
Na2CO3/ 
THF/ 
0°C 
2a 
 
76 
(69)c 
4 
1b 
 
ICl 
Na2CO3/ 
THF/ 
0°C 
2b 
 
71 
5 
1c 
 
ICl 
Na2CO3/ 
THF/ 
0°C 
2c 
 
63 
6 
1d 
 
ICl 
Na2CO3/ 
THF/ 
0°C 
2d 
 
-d 
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Entry Reactant 
I+ 
source 
Base/ 
Solvent/ 
Temp. 
Product 
Yield 
(%)b 
7 
1e 
 
ICl 
Na2CO3/
THF/ 
0°C 
2e 
 
64 
(54)c 
9 
1g 
 
ICl 
Na2CO3/
THF/ 
0°C 
2g
 
60e 
10 
1h 
 
ICl 
Na2CO3/
THF/ 
0°C 
2h
 
53e 
11 
1i 
 
ICl 
Na2CO3/
THF/ 
0°C 
2i
 
75 
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Entry Reactant 
I+ 
source 
Base/ 
Solvent/ 
Temp. 
Product 
Yield 
(%)b 
12 
1j 
 
ICl 
Na2CO3/
THF/ 
0°C 
2j
 
82 
aReaction conditions: alkynol (0.2 mmol), base (3 equiv.), ICl (3 equiv.), solvent (5 mL) for 30-
60 min under N2. bIsolated yield. cIsolated yield for gram scale (5 mmol) synthesis in 
parentheses. dNo desired product was observed. eThe iodo-dihydrofuran product was also 
observed in 5-10% yield. 
 
Various amine protecting groups were tolerated and the products were obtained in good 
yields (2a-2c, Entries 3-5) except in the case of the benzoyl protecting group, where no 
desired product was observed (2d, Entry 6). The effect of different substituents on the 
aromatic ring was also tested. The electron withdrawing fluoro, chloro and nitro 
substituents (2e-2h, Entries 7-10) were well tolerated although it caused a decrease in 
the yields of the products compared to the unsubstituted one, with the lowest yield 
occurring for the nitro substituent. (2h, Entry 10). The electron donating methyl and 
methoxy substituents (2i and 2j, Entries 11 and 12) were also well tolerated and gave 
the respective products in high yield. 
The synthetic utility of the discovered method was also demonstrated by scale up (gram 
scale) reaction of 1a and 1e (5mmol).  The scale up reaction went well in both the cases 
although a slight decrease in the reaction yield was observed (Entry 3 and 7, yield in 
parentheses). 
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To check if the reaction would hold good for similar substrates, the same optimized 
conditions were applied to 4-phenyl-3-butyl-1-ol (2 mmol) (3a) (Scheme 3.11). The 
result was fruitful and the α-iodoketone product (4a) was observed in 45% yield. But 
surprisingly, when homopropargyl amine substituted aniline (5a) was tested with the 
same reaction conditions, the product turned out to be iodo-pyrrole (6a) (68% yield). 
The product was the same as that obtained by the I2 mediated iodocyclization
100 and no 
α-iodoketone was observed (Scheme 3.12). From these observation, it seems that 
though the presence of amine group at 2-position isn’t really necessary but it does help 
him getting a better yield of the product. While the presence of amine group instead of 
alcohol group in the alkyne chain favours the formation of iodocyclized product rather 
than α-iodoketone product. 
 
Scheme 3.11 : ICl mediated conversion of 4-phenyl-3-butyn-1-ol to α-iodoketone. 
 
Scheme 3.12 : Attempted reaction of 5a with ICl. 
As mentioned before, the reports of the iodonium based activation and subsequent 
hydration of alkynes to generate α-iodoketones are rare, and the product yield observed 
is very low (below 10%) as shown in reports of Berliner et al. and Rossi et al.101,102 
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These reports employ I2 as the electrophilic source, while this study is the first to be 
reported for such conversion of an alkyne with respect to ICl. Such reactions occur by 
the attack of a residual water molecule on the iodonium ion activated alkyne 
intermediate. This is rather rare, as in most cases the attack of the intramolecular 
nucleophiles is favoured resulting in the iodocyclization product. Such solvent trapping 
is not observed even in cases where water is used as the sole solvent for the 
iodocyclization reaction.103-105 
From the results presented here, it appears that the mechanism for the developed 
reaction involves the activation of the triple bond by the I+ electrophile. This 
intermediate can exist in two forms, which are the symmetrical (I1) and non-
symmetrical vinyl cation (I2) forms, as shown in Scheme 3.12. The addition of the 
hydroxyl group from the water in the next step gives the iodo-enol, which on 
tautomerization gives the desired α-iodoketone (2a). 
 
Scheme 3.13 : Plausible mechanism for the formation of α-iodoketone from aminoalkynol. 
3.3.2 Conclusions 
To conclude, through this work, the discovery and identification of an unusual reactivity 
of aminoalkynols with ICl has been achieved and exploited to develop a novel method 
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for α-iodoketone synthesis. The study also highlights the drastic change of the reactivity 
of aminoalkynols between two similar electrophilic sources (iodonium sources), I2 and 
ICl. The method was optimized to enhance the yield of the product and was successfully 
applied to a range of substituted aminoalkynols, which were well tolerated and the 
products were obtained in good yield and importantly, the reaction was observed to be 
regioselective. The chemistry encountered i.e. the attack of water molecule on to the 
iodonium activated alkyne intermediate, is extremely rare and demonstrates for the first 
time that in the presence of ICl, a range of aminoalkynols can selectively produce α-
iodoketones rather than the iodocyclized or addition product. This finding should pave 
the way for the development of simpler, more efficient methods for the synthesis of α-
haloketones compared to those available in the literature and also ignite more efforts to 
utilize the iodonium activation of alkynes to synthesize α-iodoketones. 
3.3.3 Experimental 
All reactions were performed using oven dried glassware under a nitrogen atmosphere. 
Chemicals were purchased from Sigma Aldrich and used as received unless otherwise 
mentioned. The products were purified by column chromatography on silica gel 60-120 
mesh. Technical grade solvents were used for chromatography and distilled prior to use. 
The 1H NMR, 13C NMR and 19F NMR spectra were recorded on a 300 MHz, 400 MHz 
and 500 MHz spectrophotometer using CDCl3 and TMS as the internal standards. 
Multiplicities in the 1H NMR spectra are described as s = singlet, d = doublet, t = triplet, 
q = quartet, m = multiplet and bs = broad singlet, and coupling constants are reported in 
Hz. Low and high-resolution mass spectra were recorded by an ion trap method and 
mass/charge (m/z) ratios are reported as values in atomic mass units. All melting points 
are uncorrected. 
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Typical procedure for the synthesis of α-iodoketone (2a-2j) from aminoalkynols 
and its characterizing data. 
Aminoalkynol (1a-1j) (0.2 mmol) and Na2CO3 (3 equiv.) were added to THF (5 mL) 
maintained at 0 °C under nitrogen. To the above solution, ICl solution (1.0 M in DCM) 
(3 equiv.) was slowly added dropwise while stirring the reaction mixture and the 
reaction was allowed to proceed until the starting material was consumed (30-60 min.). 
Once the reaction was complete, it was quenched with ethyl acetate and the organic 
phase was washed with saturated aqueous Na2S2O3 solution and then washed with 
water. The organic layer was separated, dried over anhydrous Na2SO4 and concentrated 
under reduced pressure. The crude product was purified by silica gel column 
chromatography using petroleum ether : ethyl acetate (7:3) mixture. 
Ethyl (2-(4-hydroxy-2-iodobutanoyl)phenyl)carbamate (2a). 
Yield  : 76%; yellow solid. 
MP : 82-84 °C. 
1H NMR (500 MHz, CDCl3) : δ 10.90 (s, 1H), 8.52 (dd, J = 8.6, 0.9 Hz, 1H), 
7.92 (dd, J = 8.1, 1.4 Hz, 1H), 7.59 – 7.54 (m, 
1H), 7.08 – 7.03 (m, 1H), 5.74 (t, J = 7.1 Hz, 
1H), 4.23 (q, J = 7.1 Hz, 2H), 3.87 – 3.75 (m, 
2H), 2.38 – 2.32 (m, 2H), 1.33 (t, J = 7.1 Hz, 
3H). 
13C NMR (126 MHz, CDCl3) : δ 198.21, 153.82, 142.62, 135.60, 130.32, 
121.37, 119.71, 118.45, 61.48, 61.37, 37.46, 
23.44, 14.51. 
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HRMS (ESI) [M+Na]+ : Calculated for C13H16INNaO4
+ = 400.0016, 
found 400.0056. 
Benzyl (2-(4-hydroxy-2-iodobutanoyl)phenyl)carbamate (2b). 
Yield  :  71%; yellow solid. 
MP : 78-80 °C. 
1H NMR (500 MHz, CDCl3) : δ 11.00 (s, 1H), 8.53 (d, J = 8.5 Hz, 1H), 7.91 
(dd, J = 8.1, 1.2 Hz, 1H), 7.59 – 7.54 (m, 1H), 
7.45 – 7.30 (m, 5H), 7.09 – 7.04 (m, 1H), 5.73 
(t, J = 7.1 Hz, 1H), 5.22 (s, 2H), 3.84 – 3.73 (m, 
2H), 2.36 – 2.30 (m, 2H).  
13C NMR (126 MHz, CDCl3) : δ 198.20, 153.58, 142.41, 136.00, 135.60, 
130.35, 128.60, 128.33, 121.57, 119.78, 118.56, 
67.08, 61.47, 37.43, 23.39. 
HRMS (ESI) [M+Na]+ : Calculated for C18H18INNaO4
+ = 462.0173, 
found 462.0194. 
N-(2-(4-hydroxy-2-iodobutanoyl)phenyl)acetamide (2c). 
Yield  : 63%; yellow solid. 
MP : 124-126 °C. 
1H NMR (400 MHz, CDCl3) : δ 11.41 (s, 1H), 8.76 (d, J = 8.5 Hz, 1H), 7.93 
(dd, J = 8.1, 1.3 Hz, 1H), 7.62 – 7.54 (m, 1H), 
7.15 – 7.08 (m, 1H), 5.76 (t, J = 7.1 Hz, 1H), 
3.88 – 3.74 (m, 2H), 2.39 – 2.31 (m, 2H), 2.25 
(s, 3H). 
13C NMR (126 MHz, CDCl3) : δ 198.75, 169.50, 142.07, 135.70, 130.21, 
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122.43, 121.29, 118.89, 61.42, 37.43, 25.65, 
23.48. 
HRMS (ESI) [M+H – H2O]+ : Calculated for C12H13INO2+ = 329.9985, found 
329.9997. 
Ethyl (4-fluoro-2-(4-hydroxy-2 iodobutanoyl)phenyl)carbamate (2e). 
Yield  : 64%; yellow solid. 
MP : 98-100 °C. 
1H NMR (400 MHz, CDCl3) : δ 10.64 (s, 1H), 8.54 – 8.46 (m, 1H), 7.57 (dd, J 
= 9.4, 2.9 Hz, 1H), 7.33 – 7.27 (m, 1H), 5.63 (t, 
J = 7.1 Hz, 1H), 4.23 (q, J = 7.1 Hz, 2H), 3.87 – 
3.72 (m, 2H), 2.39 – 2.30 (m, 2H), 1.33 (t, J = 
7.1 Hz, 3H). 
13C NMR (101 MHz, CDCl3) : δ 197.22 (s), 156.48 (d, J = 242.8 Hz), 153.88 
(s), 138.74 (s), 122.70 (d, J = 22.1 Hz), 121.63 
(d, J = 7.0 Hz), 119.48 (d, J = 5.6 Hz), 115.99 
(d, J = 23.6 Hz), 61.50 (s), 61.35 (s), 37.32 (s), 
23.16 (s), 14.49 (s). 
19F NMR (376MHz, CDCl3) : δ -120.12. 
HRMS (ESI) [M+Na]+ : Calculated for C13H15INNaO4
+ = 417.9922, 
found 417.9952. 
Ethyl (4-chloro-2-(4-hydroxy-2-iodobutanoyl)phenyl)carbamate (2f). 
Yield  : 55%; yellow solid. 
MP : 92-95 °C. 
1H NMR (400 MHz, CDCl3) : δ 10.74 (s, 1H), 8.51 (d, J = 9.1 Hz, 1H), 7.84 
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(d, J = 2.3 Hz, 1H), 7.51 (dd, J = 9.1, 2.3 Hz, 
1H), 5.65 (t, J = 7.1 Hz, 1H), 4.23 (q, J = 7.1 
Hz, 2H), 3.89 – 3.73 (m, 2H), 2.40 – 2.31 (m, 
2H), 1.33 (t, J = 7.1 Hz, 3H). 
13C NMR (101 MHz, CDCl3) : δ 197.23, 153.67, 141.07, 135.27, 129.60, 
126.45, 121.23, 119.67, 61.59, 61.39, 37.30, 
23.13, 14.48. 
HRMS (ESI) [M+Na]+ : Calculated for C13H15ClINNaO4
+ = 433.9626, 
found 433.9716. 
Ethyl (5-chloro-2-(4-hydroxy-2-iodobutanoyl)phenyl)carbamate (2g). 
Yield  : 60%; yellow oil. 
1H NMR (400 MHz, CDCl3) : δ 10.99 (s, 1H), 8.62 (d, J = 2.1 Hz, 1H), 7.84 
(d, J = 8.7 Hz, 1H), 7.02 (dd, J = 8.7, 2.1 Hz, 
1H), 5.67 (t, J = 7.1 Hz, 1H), 4.24 (q, J = 7.1 
Hz, 2H), 3.87 – 3.72 (m, 2H), 2.38 – 2.30 (m, 
2H), 1.34 (t, J = 7.1 Hz, 3H). 
13C NMR (101 MHz, CDCl3) : δ 197.41, 153.55, 143.69, 142.01, 131.46, 
121.64, 119.59, 116.55, 61.66, 61.39, 37.33, 
23.25, 14.46. 
HRMS (ESI) [M+Na]+ : Calculated for C13H15ClINNaO4
+ = 433.9626, 
found 433.9653. 
Ethyl (2-(4-hydroxy-2-iodobutanoyl)-4-nitrophenyl)carbamate (2h). 
Yield  : 53%; yellow solid. 
MP : 116-118 °C. 
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1H NMR (400 MHz, CDCl3) : δ 11.19 (s, 1H), 8.82 (d, J = 2.5 Hz, 1H), 8.75 
(d, J = 9.5 Hz, 1H), 8.41 – 8.35 (m, 1H), 5.79 (t, 
J = 7.0 Hz, 1H), 4.29 (q, J = 7.1 Hz, 2H), 3.91 – 
3.77 (m, 2H), 2.44 – 2.35 (m, 2H), 1.36 (t, J = 
7.1 Hz, 3H). 
13C NMR (101 MHz, CDCl3) : δ 197.22, 153.22, 147.77, 140.75, 129.86, 
126.21, 119.78, 117.62, 62.25, 61.25, 37.21, 
22.82, 14.39. 
HRMS (ESI) [M+H – H2O]+ : Calculated for C13H14IN2O5+ = 404.9942, found 
404.9917. 
Ethyl (2-(4-hydroxy-2-iodobutanoyl)-4-methylphenyl)carbamate (2i). 
Yield  : 75%; yellow solid. 
MP : 100-103 °C. 
1H NMR (400 MHz, CDCl3) : δ 10.75 (s, 1H), 8.39 (dd, J = 8.7, 1.6 Hz, 1H), 
7.68 (s, 1H), 7.38 (d, J = 8.7 Hz, 1H), 5.73 (t, J 
= 7.1 Hz, 1H), 4.22 (q, J = 7.1 Hz, 2H), 3.88 – 
3.74 (m, 2H), 2.39 – 2.31 (m, 5H), 1.32 (t, J = 
7.1 Hz, 3H). 
13C NMR (75 MHz, CDCl3) : δ 198.14, 153.87, 140.23, 136.50, 130.78, 
130.19, 119.73, 118.49, 61.56, 61.23, 37.46, 
23.51, 20.77, 14.50. 
HRMS (ESI) [M+Na]+ : Calculated for C14H18INNaO4
+ = 414.0173, 
found 414.0045. 
Ethyl(2-(4-hydroxy-2-iodobutanoyl)-5-methoxyphenyl)carbamate (2j). 
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Yield  : 82%; yellow solid. 
MP : 107-110 °C. 
1H NMR (400 MHz, CDCl3) : δ 11.39 (s, 1H), 8.16 (d, J = 2.6 Hz, 1H), 7.85 
(d, J = 9.1 Hz, 1H), 6.58 (dd, J = 9.1, 2.6 Hz, 
1H), 5.68 (t, J = 7.1 Hz, 1H), 4.23 (q, J = 7.1 
Hz, 2H), 3.90 (s, 3H), 3.85 – 3.72 (m, 2H), 2.38 
– 2.29 (m, 2H), 1.33 (t, J = 7.1 Hz, 3H). 
13C NMR (126 MHz, CDCl3) : δ 196.63, 165.39, 153.92, 145.70, 132.55, 
111.37, 109.13, 102.73, 61.59, 61.36, 55.66, 
37.62, 23.44, 14.50. 
HRMS (ESI) [M+Na]+ : Calculated for C14H18INNaO5
+ = 430.0122, 
found 430.0105. 
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Appendix 5. NMR spectra of compounds 2a to 2j 
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1H and 13C NMR spectra of 2a 
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1H and 13C NMR spectra of 2b 
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1H and 13C NMR spectra of 2c 
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1H and 13C NMR spectra of 2e 
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19F NMR spectra of 2e 
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1H and 13C NMR spectra of 2f 
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1H and 13C NMR spectra of 2g 
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1H and 13C NMR spectra of 2h 
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1H and 13C NMR spectra of 2i 
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1H and 13C NMR spectra of 2j 
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1H and 13C NMR spectra of 4a 
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Appendix 6. Crystal data of compound 2a 
Crystal data of 2a 
Formula C13H16INO4 
Space group P 21/n 
Cell lengths (Å) a 16.495(7) b 4.700(2) c 19.980(9) 
Cell angles α 90 β 113.926(9)  90 
Cell Volume (Å)  1415.88  
Z, Z' Z: 4 Z': 0 
R-factor (%) 3.52 
Temperature (K) 200 
Density (g/mm3) 1.770  
CCDC number 1554465 
The crystal data can also obtained free of charge at www.ccdc.cam.ac.uk/conts/retrieving.html 
[or from the Cambridge Crystallographic Data Centre (CCDC), 12 Union Road, Cambridge 
CB2 1EZ, UK; fax: +44(0) 1223 336 033; email: deposit@ccdc.cam.ac.uk]. 
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4.1 Conclusion 
Electrophilic cyclization being one of the most exploited methods for the construction 
of various heterocycles was again successfully proven for its simplicity and efficacy in 
terms of the reaction conditions, product formation and isolation, as the iodo-
dihydrofuran substrates were synthesized in good yields from aminoalkynols by 
employing molecular iodine as the electrophilic source. 
The aminoalkynol substrate that was hypothesized for the construction of iodo-
dihydrofuran molecule was synthesized by employing a very efficient and simple 
methodology i.e. Sonogashira coupling. As the aim of the study was also to selectively 
synthesize one particular heterocycle over the other by having at least two potential 
nucleophiles at favourable position in the starting substrate for the cyclization to 
happen, 2-iodoaniline was the best starting material for making the required alkyne to 
test the electrophilic cyclization reaction. The nitrogen of amine group was one of the 
nucleophiles and the other was oxygen which was brought in from homopropargyl 
alcohol (3-butyn-1-ol) coupled to the iodoaniline. This molecule was tested for the 
electrophilic cyclization for the synthesis of dihydrofuran moieties along with various 
iodonium ion (I+) sources as the electrophile. No other sources except molecular iodine 
(I2) showed promise for the production of dihydrofurans. The conditions were optimized 
to maximize the yield of the product and were applied successfully to various 
aminoalkynols with different substitutions at amine group and on the aromatic ring 
giving moderate to excellent yields of the respective dihydrofuran. As mentioned about 
advantages of halogen mediated electrophilic cyclization in Chapter I, the presence of 
iodine in the product was exploited to further derivatize the molecule by using available 
reactions for C-C and C-N coupling. Sonogashira, Suzuki and Heck coupling were 
successfully tested and the products were obtained in very good yields showing the 
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compatibility of the synthesized iodo-dihydrofuran molecules in such C-C coupling 
reactions. 
By selectively cyclizing the aminoalkynols to synthesize dihydrofurans via the attack of 
oxygen atom from the alcohol group, enabled the use of free nitrogen nucleophile of the 
amine group in a rather unique approach for producing fused tricyclic molecule furo-
indole by subjecting it to the Ulmann-type reaction conditions. The reaction was 
intramolecular coupling between nitrogen of the amine moiety and the carbon atom 
bound to iodine. The product was obtained in good yield. The production of such 
tricyclic furo-indole molecule via iodocyclization step was first to be reported to the 
best knowledge of the author. An attempt to synthesize a different tricyclic molecule, 
furo-quinoline via intramolecular Michael addition of amine group on to the double 
bond of acrylate moiety present in the Heck product of iodo-dihydrofuran molecule, 
unfortunately failed although different reaction conditions were tried. However, the 
hypothesized reaction for producing iodo-dihydrofurans by selective electrophilic 
cyclization reaction was achieved and also the functionalities present in the final 
molecule were successfully utilized for further derivatization. 
An unusual reactivity and a surprising deviation of the same aminoalkynol substrate was 
discovered during the course of the optimization of the reaction conditions for 
synthesizing iodo-dihydrofurans. A different product was observed to be formed when 
aminoalkynols was tested with ICl as the electrophilic source which was later identified 
as α-iodoketone. This reaction was investigated in detail and was optimized to 
maximize the product yield and successfully applied to various aminoalkynols with 
different substitution at the amine group and on the aromatic ring to produce α-
iodoketones in moderate to good yields. 
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The main highlight of this study was the selectivity of aminoalkynol molecule with 
iodine monochloride to produce α-iodoketones, which was not observed with any other 
iodonium ion (I+) source. Such conversion of alkynes to α-haloketones has not been 
observed before with respect to Iodine monochloride as the electrophilic source, this 
being the first report. Though some reports exist for the conversion of alkynes to α-
iodoketones mediated by the activation of the triple bond by iodonium ion, the 
electrophilic source in those cases has been molecular iodine (I2) and no other source 
has been reported in this aspect. Also, the product yields obtained in those reports is 
very low, below 10%. Hence it is not common to observe such reaction of alkynes with 
iodonium ion, which generally isn’t as efficient as metal ions like gold and silver. 
Importantly the reaction was regioselective, and no iodocyclized product and/or 
addition products were observed, which are usually the most favorable products when a 
suitable substrate is reacted with ICl. Overall, this unusual reactivity was well exploited 
and applied to develop a novel, simpler and efficient method for the synthesis of α-
iodoketones from alkynes. 
To conclude, the differential reactivity of aminoalkynols has been studied in detail and 
applied to produce two completely different class of molecules utilizing the two similar 
iodonium ion source as the electrophile, one being, molecular iodine giving rise to O-
heterocycle i.e. iodo-dihydrofurans and the other being iodine monochloride giving rise 
to haloketone i.e. α-iodoketones. 
4.2 Future directions 
Numerous methodologies are being added to literature relating to the heterocyclic 
synthesis via electrophilic cyclization reactions. The effort to replace metal 
salts/complexes and use halogens as the electrophiles should be the prime concern while 
going forward and deliver simpler, efficient and cheaper methods to synthesize various 
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heterocyclic molecules. There should also be more efforts put in studying electrophilic 
cyclization of substrates having more than just one nucleophile and study the 
competitiveness of the nucleophiles under given reactions conditions and tune these 
conditions to produce the required heterocyclic molecule at will. 
 
Figure 4.1 : Competitive electrophilic cyclization. 
Further objectives would also be to improve the scope of the reaction methodologies 
developed, specially, to synthesize multisubstituted furans. One way to approach is to 
make the starting substrate multisubstituted and subjecting it electrophilic cyclization 
and the other is, to derivatize the molecule post cyclization utilizing the functionalities 
present in the cyclized product. The simplest way for the first approach is to make 
substituted homopropargyl alcohols rather than having a simple, unsubstituted alcohol 
chain (Figure 4.2) as seen in aminoalkynols substrate which was the subject of our first 
study. Many synthetic protocols exist for such purposes. Hence such protocols can be 
utilized to build a suitable substrate and test it for the synthesis of multisubstituted 
furans. 
 
Figure 4.2 : Homopropargyl alcohols for the use in dihydrofuran synthesis. 
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It would also be interesting to make possible simultaneous electrophilic cyclization at 
two different parts of the same molecule having the necessary nucleophilic centres at a 
favourable positions for cyclization. This would make the synthesis of multicyclic 
heterocycle molecules easier and obtain the product in just one reaction cycle. Reports 
for such simultaneous cyclization are seldom observed. The nucleophiles can either be 
same or different depending on the heterocycle of interest, also, the chain length can be 
same or different depending on the heterocyclic ring size needed. 
 
Figure 4.3 : Approaches for simultaneous electrophilic cyclization. 
 
A vast opportunity exists to be explored in the field of heterocyclic synthesis, specially 
via the electrophilic cyclization reactions, which has become the backbone for the 
synthesis of heterocyclic molecules lately. More challenges present itself as we move 
forward and to overcome those and making things simpler would do a great deal for the 
field of organic synthesis. 
 
